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Dark Matter in the Universe
Compelling macroscopic evidence of Dark Matter

Cosmological scaleCluster scaleGalaxy scale

DM Exists !
80% of the matter  

in the Universe is DARK

THEORY: Hidden sector theories, Supersymmetry, Technicolor, etc… 

DM CANDIDATE: axions, asymmetric DM, WIMP, primordial Black Holes, etc… 

DM DENSITY: cuspy DM density profiles (e.g. NFW) or cored profiles (e.g. IsoT)

The DM microphysics is unknownBUT
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Experimental strategies to identify the DM microphysics
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Experimental strategies to identify the DM microphysics

Direct Detection
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DM

recoil

Elastic Scattering: 

Inelastic Scattering:
DM+ T (A,Z)rest �! DM+ T (A,Z)recoil

DM+ T (A,Z)rest �! DM0 + T (A,Z)recoil
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ER

DM
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Figure 1: Basics of DM direct detection. Left: on a ⇠km scale. Right: on a ⇠fm scale.

Should be v, not ~v.

implying
ū(p, s)u(p, s

0) = v̄(p, s)v(p, s
0) = Np 2m �s,s0 (B.39)

(we formally define Np = 1 for scalars). Canonical (anti)commutation relations then impose
KpNp = (2⇡)3 2Ep. The normalization used here and in Ref. [? ] is

Np = 1 , Kp = (2⇡)3 2Ep , (B.40)

implying ⇢(p) = 2Ep.

C Rate

C.1 Preliminaries

Direct detection experiments attempt at measuring the energy released in the detector by DM
particles scattering o↵ detector nuclei. Brutally speaking, and from a theoretician viewpoint
only, a detector is a chunk of material covered with sensors. When a DM particle with velocity
v reaches the detector, it may undergo scattering o↵ of a nucleus in the material. The nucleus
is initially at rest, to a very good approximation, and it recoils with a recoil energy ER when it
is struck by the DM particle. The detector is placed in a cave deep underground to be screened
by cosmic rays, and further artificial shields are added to reduce the background due to natural
radioactivity. Fig. 1 illustrates/elucidates these concepts in the clearest possible manner.

This sort of DM searches, like others, relies on the assumption that the DM interacts with
the standard matter other than just gravitationally. Unfortunately, we have no evidence that
this is actually the case. We will just close our eyes here and assume that the DM couples
to the standard matter beyond gravity. For large enough couplings, DM particles may scatter
already in Earth’s atmosphere or in the rock before getting to the detector. This type of
DM is called Strongly Interacting Massive Particle (SIMP), and was studied e.g. in Ref. [49].
Existing bounds on this candidate can be found summarized in Refs. [50, 51]. We will be

12

the detectors must work deeply underground 
they must use active shields and very clean materials  
they must discriminate multiple scattering 

DM collisions are very rare  
(less then 0.01 cpd/kg/keV)
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Collisions: Non Relativistic regimeTiny velocity
v� ⇠ 10�3c
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Collisions: Non Relativistic regimeTiny velocity
v� ⇠ 10�3c
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RATE OF NUCLEAR RECOIL
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Deeply NR DM-nucleus scattering
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Deeply NR DM-nucleus scattering

DM-nucleon ME: 
Galileian combination of NR d.o.f. (                        ) 

NR  
operators

NR coefficients 
(details of the UV)

~q,~v?,~sN ,~sDM
<latexit sha1_base64="qVNJgIVZb0rsp/lXZy4y7oSN5Vo="></latexit>



Non-relativistic (NR) EFTPAOLO PANCI 
slide 6/30

d�

dER
=

1

32⇡

1

m2
DMmT

1

v2
|MT |2

<latexit sha1_base64="4HdC9Ja/ZSCP+s9VtHl10pQAxhw="></latexit>

MN ⌘

X

i

cNi (�,mDM)| {z }O
NR
i|{z}

<latexit sha1_base64="3RNQAmp6Tv7CVWHcOqf5k8PC9P8=">AAACanicbVFNTxRBEO0ZRXFBXeFkuHRcSDAxmxk00SNRD15Y0LBAsrNManprsbLdPWN/kJDJ/FAS/Qf+CHuGTRSwTi+vXvWrel1UkqxLkusofvBw5dHj1Se9tfWnz573X2yc2NIbgWNRytKcFWBRksaxIyfxrDIIqpB4Wiw+tf3TSzSWSn3sriqcKrjQNCcBLlB5/5JnCtx3AZIf5CPOM/zhKZDWq7ymJhBez9AUBgTWnXRuYF GL5nyU024mg9MM3vAgzozinw+a182tkb/PH553ktG3Jqcm7w+SYdIVvw/SJRiwZR3l/V/ZrBReoXZCgrWTNKnctAbjSEhsepm3WIFYwAVOAtSg0E7rLp+G73gLruQVGk6SdyT+O1GDsvZKFUHZbmvv9lryf72Jd/MP05p05R1q0Ro5ktgZWWEoBI98Rgadg3Zz5KS5AAPOoSEOQgTSh5/ohTzSu9ffByd7w/TtcO/ru8H+x2Uyq2yLvWK7LGXv2T77wo7YmAn2M4qjtWg9+h1vxC/jrRtpHC1nNtmtirf/AP5suj0=</latexit>

Deeply NR DM-nucleus scattering

DM-nucleon ME: 
Galileian combination of NR d.o.f. (                        ) 

operators is, following the numbering introduced in Refs. [27, 118? ],

O
NR

1
⌘ I�IN ,

O
NR

3
⌘ i I�sN · (q ⇥ v?) , O

NR

4
⌘ s� · sN ,

O
NR

5
⌘ i INs� · (q ⇥ v?) , O

NR

6
⌘ (s� · q)(sN · q) ,

O
NR

7
⌘ I�sN · v?

, O
NR

8
⌘ INs� · v?

,

O
NR

9
⌘ i s� · (sN ⇥ q) , O

NR

10
⌘ i I�sN · q ,

O
NR

11
⌘ i INs� · q , O

NR

12
⌘ v? · (s� ⇥ sN) ,

O
NR

13
⌘ i(s� · v?)(sN · q) , O

NR

14
⌘ i(s� · q)(sN · v?) ,

O
NR

15
⌘ [s� · (q ⇥ v?)](sN · q) , O

NR

16
⌘ (s� · v?)(sN · v?) ,

O
NR

17
⌘ i[s� · (q ⇥ v?)](sN · v?) .

(E.86)

We ignored O
NR

2
⌘ v

?2
since, as said above, we store all dependence on v

?2
in the coe�cients

multiplying the O
NR’s. For a scalar DM � we have the above operators provided one substitutes

I� ! I� ⌘ 1 , s� ! s� ⌘ 0 . (E.87)

As we will see in the next subsection, the operators from O
NR

1
to O

NR

12
are enough to describe

the non-relativistic limit of many of the quantum field theory operators often encountered in
the literature.

From the expression of the matrix element (E.2) in terms of non-relativistic operators,

MN =
X

k

c
NR

k O
NR

k , (E.88)

one may be able to derive the non-relativistic DM-N interaction potential, meaning a quantum-
mechanical operator V whose matrix element equals MN (see e.g. Ref. [89]). It is easy to
imagine that the dependence of the potential on the DM and nucleon spin operators should
match the matrix element dependence on s� or sN . However, the operatorial form of q, v? and
combinations thereof may not be so straightforward, as it may involve the position operator in
a non-trivial way. It is customary to confuse the quantum operators making up the potential
with the O

NR’s, hence the name ‘operators’ for the latter. The potential could be inferred
from its position-space matrix element obtained in Born approximation by Fourier-transforming
MN [89],

hx0|V |xi / �
(3)(x� x0)

Z
d3

q e
�iq·x

X

k

c
NR

k (q2
, v

?2

)O
NR

k . (E.89)

This is particularly meaningful if MN has been obtained at tree level from an e↵ective theory
or from a t-channel one-meson exchange. The full DM-nucleus scattering amplitude may then
be computed by taking the matrix element of the potential between DM-nucleus states. Each
of the operators (corresponding to the) O

NR’s will contribute to a certain DM-nucleus coupling,
realizing a specific interaction. As we will see in Sec. G, for instance, scattering through O

NR

1

results in coupling the DM particle to the nucleon number density inside the nucleus. This is
the standard spin-independent interaction (Sec. G.2). O

NR

4
instead couples the DM spin with

the (nucleon spin contribution to the) nuclear spin, the standard spin-dependent interaction
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Figure 1: Nuclear responses of the fluorine (a) and the iodine (b) targets considering two completely different types of interactions. On a
more specific level, we show, in red, the nuclear responses for the “standard” SI contact interaction, while in blue those for another kind of
interaction described in the nonrelativistic limit by the operator ONR6 = ( ⃗"! ⋅ ⃗$)( ⃗"" ⋅ ⃗$). The different hatching refers instead to the possible
choices of nucleon pairs in the nucleus. In particular, the solid, dashed, and dotted lines are for (%,%), (&, &), and (%, &) pairs, while the thick
ones are obtained by summing over all of them (total nuclear responses). Notice that the total nuclear responses for the “standard” SI contact
interaction (thick red lines) reduce to '2N(2Helm($), where (2Helm($) is the customary Helm form factor [33].

where we define the total SI nuclear response as(totN (*#) = ∑","!=$,%((","!)1,1 (*#,N) . (17)

Here, since -$SI = -%SI, the total nuclear response reduces to
the square of the customary Helm form factor [33] multiplied
by the coherent enhancement of the cross section '2N. In
particular it reads (totN (*#) = '2N(2Helm(*#). The function
I(*#) = ∫VescVmin

d3 V/&(V⃗ + V⃗'(0))/V is instead the velocity
integral encountered many times in the literature. It is worth
noticing thatI(*#) can be written in this way because in the
“standard” SI interaction the operator that the describes the
nonrelativistic limit of the effective Lagrangian does not carry
any dependences on the relative velocity V⃗. In Section 3.2
the interpretation of the experimental results in terms of the
“standard” SI interaction is briefly reviewed.

2.3. Experimental Observables. Since, as already stated, the
Earth’s orbital velocity projected in the galactic plane is
relatively small compared to the drift velocity of the Sun, we
can then expand the recoil rate (11), assuming that the velocity

distribution is not strongly anisotropic.Then, by means then
of (7), one gets

d1N
d*# (0) ≃ d1N

d*# 33333333V"=V⊙+ 44V' d1Nd*# 33333333V"=V⊙ΔV cos[27 (0 − 9): ] . (18)

In order now to properly reproduce the experimental
rate of nuclear recoil and in turn the expected number of
events in a certain energy bin, one should take into account
the response of the detectors as well. It can be done by the
following energy convolution and transformation:

d1
d*( =∑

N

< (*()∫∞0 d*#KN ($N*#,*() d1Nd*# (*#) , (19)

where *( is the detected energy and the functions
KN($N*#,*() and <(*() are the energy resolution centered
in $N*# and the detector’s efficiency, respectively. Here
the sum runs over the different species of the detectors
(e.g., DAMA is a multiple target experiment composed
by crystal of sodium and iodine) and $N is the so-called

see e.g. JCAP 1302 (2013) 004
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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

model to correctly describe events with enlarged S1s due
to additional scatters in the charge-insensitive region be-
low the cathode. These events comprise 13% of the to-
tal neutron rate in Table I. Third, we implemented the
core mass segmentation to better reflect our knowledge
of the neutron background’s Z distribution, motivated
again by the neutron-like event. This shifts the prob-
ability of a neutron (50 GeV/c2 WIMP) interpretation
for this event in the best-fit model from 35% (49%) to
75% (7%) and improves the limit (median sensitivity)
by 13% (4%). Fourth, the estimated signal e�ciency
decreased relative to the pre-unblinding model due to
further matching of the simulated S1 waveform shape
to 220Rn data, smaller uncertainties from improved un-
derstanding and treatment of detector systematics, and
correction of an error in the S1 detection e�ciency nui-
sance parameter. This latter set of improvements was
not influenced by unblinded DM search data.

In addition to blinding, the data were also “salted” by
injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile like-
lihood analysis indicates no significant excesses in the
1.3 t fiducial mass at any WIMP mass. A p-value calcu-
lation based on the likelihood ratio of the best-fit includ-

ing signal to that of background-only gives p = 0.28, 0.41,
and 0.22 at 6, 50, and 200 GeV/c2 WIMP masses, respec-
tively. Figure 5 shows the resulting 90% confidence level
upper limit on �SI , which falls within the predicted sen-
sitivity range across all masses. The 2� sensitivity band
spans an order of magnitude, indicating the large random
variation in upper limits due to statistical fluctuations of
the background (common to all rare-event searches). The
sensitivity itself is una↵ected by such fluctuations, and is
thus the appropriate measure of the capabilities of an ex-
periment [44]. The inset in Fig. 5 shows that the median
sensitivity of this search is ⇠7.0 times better than previ-
ous experiments [6, 7] at WIMP masses > 50 GeV/c2.

Table I shows an excess in the data compared to the to-
tal background expectation in the reference region of the
1.3 t fiducial mass. The background-only local p-value
(based on Poisson statistics including a Gaussian uncer-
tainty) is 0.03, which is not significant enough, including
also an unknown trial factor, to trigger changes in the
background model, fiducial boundary, or consideration
of alternate signal models. This choice is conservative as
it results in a weaker limit.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-
gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.
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signal region in the DM search data was blinded prior to
the determination of the event selection and background
models [8]. For each WIMP mass, the SD signal recoil
spectrum calculated from Eq. (4) is propagated through
the same MC to generate the expected distribution of S1s
and S2s from corresponding WIMP-nucleon interactions.
Statistical inference is done using a three-dimensional

(corrected S1, corrected S2 in the bottom PMT array,
and radius) unbinned extended likelihood, profiled over
nuisance parameters. As in [8], the likelihood distin-
guishes between events in an inner 0.65 t core and those
in an outer section of the fiducial mass to incorporate
the di↵erence in the expected neutron background rate.
Nuisance parameters are included to account for uncer-
tainties in ER response, detection and selection e�cien-
cies, and background rates. To safeguard against in-
terpreting an under-prediction of ERs as a signal ex-
cess, an additional WIMP-like component is added to
the background model and constrained by ER calibration
data [28]. Upper limits and two-sided intervals are com-
puted using a Feldman-Cousins-based method [29], with
a Neyman band constructed from a profiled likelihood
ratio test statistic [30]. Background-only simulations are
performed to calculate the range of possible upper limits
under many repetitions of the XENON1T exposure.

Results.—For all WIMP masses considered, and for
both the neutron- and proton-only cases, the data are
consistent with the background-only hypothesis. The lo-
cal discovery p-values at WIMP masses of 6, 50, and
200 GeV/c2 in the neutron-only (proton-only) case are
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FIG. 2. XENON1T 90% C.L. upper limit on the spin-
dependent WIMP-neutron cross section from a 1 tonne-year
exposure. The range of expected sensitivity is indicated by
the green (1�) and yellow (2�) bands. Also shown are the
experimental results from XENON100 [24], LUX [31] and
PandaX-II [33]. We use the ‘chiral EFT’ limit from PandaX-
II, since it is based on the same SD interaction model as all
other shown results.

0.6, 0.4, and 0.2 (0.6, 0.3, and 0.1), respectively. Fig. 2
and Fig. 3 show the 90% C.L. upper limits, as well as the
1� and 2� sensitivity bands, on the SD WIMP-neutron
and WIMP-proton cross sections, respectively. Di↵er-
ences between the limit and the median sensitivity due
to fluctuation of the background are within the 2� sta-
tistical uncertainty.

The mean values of the structure factors are used both
for the observed limits and the sensitivity distributions.
To estimate the impact of the theoretical uncertainty on
the result, a cross-check was performed by taking the
minimum and maximum values of the structure factors,
and using the asymptotic distribution of the test statistic
to set limits for each case [32]. At 50 GeV/c2, the upper
limit on the WIMP-neutron cross section shifts down-
wards (upwards) by a factor of 1.1 (1.1) when taking the
minimum (maximum) structure factor values. Similarly,
the upper limit on the WIMP-proton cross section shifts
downwards (upwards) by a factor of 1.6 (2.2) due to the
larger dependence of the proton-only sensitivity on the
uncertain two-body component.

The neutron-only limit (Fig. 2) is the most strin-
gent constraint from a direct detection experiment for
WIMP masses above 6 GeV/c2, with a minimum of
6.3⇥10�42 cm2 for a 30 GeV/c2 WIMP. The proton-only
limit (Fig. 3) is the most stringent constraint from a LXe
direct detection experiment, though fluorine-based bub-
ble chamber experiments like PICO-60 have consistently
led the field in directly constraining the WIMP-proton
cross section [34].
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FIG. 3. XENON1T 90% C.L. upper limit on the spin-
dependent WIMP-proton cross section from a 1 tonne-year
exposure. The range of expected sensitivity is indicated by
the green (1�) and yellow (2�) bands. Selected experimental
results are shown for XENON100 [24], LUX [31], PandaX-II
[33] and PICO-60 [34]. We use the ‘chiral EFT’ limit from
PandaX-II, since it is based on the same SD interaction model
as all other shown results.

XENON1T, arXiv: 1902.03234
SENSITIVITIES: 

unpaired neutrons in the outer nuclear shell (e.g. xenon): large DM-n SD 
unpaired protons in the outer nuclear shell (e.g. fluorine): large DM-p SD

DM-protonDM-neutron
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Incidentally, we will also see explicitly that di↵erent high-energy e↵ective operators

might have the same non-relativistic form, corresponding thus to the same O
NR

k . This can
also give rise to interference e↵ects that might significantly lower or enhance the scattering
cross section, thus generating phenomenologies that are usually not taken into account by
the e↵ective operators analyses when they consider one operator at a time.

Notice that, while long-distance QCD e↵ects induce energy-dependent corrections to
the scattering amplitude, we will only present the matching from quark and gluon level
to the nucleon level at lowest order. Next to leading order e↵ects, including two-nucleon
interactions [17], have been studied in the case of scalar interactions in [18], and for spin-
dependent (axial-vector) interactions in [19, 20].

5.1 E↵ective operators for fermion dark matter

At dimension six, the e↵ective operators one can construct with a Dirac neutral DM field �
and quark fields q are

O
q
1
= �̄� q̄q , O

q
2
= �̄ i�5� q̄q ,

O
q
3
= �̄� q̄ i�5q , O

q
4
= �̄ i�5� q̄ i�5q ,

O
q
5
= �̄�µ� q̄�µq , O

q
6
= �̄�µ�5� q̄�µq ,

O
q
7
= �̄�µ� q̄�µ�

5q , O
q
8
= �̄�µ�5� q̄�µ�

5q ,

O
q
9
= �̄ �µ⌫� q̄ �µ⌫q , O

q
10

= �̄ i�µ⌫�5� q̄ �µ⌫q ,

(5.1)

where we do not take into account here flavor-violating interactions. Notice that the operators

�̄ �µ⌫� q̄ i�µ⌫�
5q , �̄ i�µ⌫�5� q̄ i�µ⌫�

5q (5.2)

are equal to O
q
10

and �O
q
9
, respectively, by virtue of the identity i�µ⌫�5 = �1

2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
Gauge-invariant interaction operators with gluons arise at dimension seven, and are

O
g
1
=

↵s

12⇡
�̄�Ga

µ⌫G
a
µ⌫ , O

g
2
=

↵s

12⇡
�̄ i�5�Ga

µ⌫G
a
µ⌫ ,

O
g
3
=

↵s

8⇡
�̄�Ga

µ⌫G̃
a
µ⌫ , O

g
4
=

↵s

8⇡
�̄ i�5�Ga

µ⌫G̃
a
µ⌫ ,

(5.3)

where G̃a
µ⌫ ⌘ "µ⌫⇢�Ga

⇢�, and the numerical overall factors have been chosen for later conve-
nience.

The e↵ective Lagrangian at the quark-gluon level is

Le↵ =
10X

k=1

X

q

cqkO
q
k +

4X

k=1

cgkO
g
k , (5.4)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level

Le↵ =
10X

k=1

X

N=p,n

cNk O
N
k , (5.5)

8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�cients
introduced in eq. (2.2): the first ones are the coe�cients in the expansion in terms of quark/gluon level
e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR operators.
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cross section, thus generating phenomenologies that are usually not taken into account by
the e↵ective operators analyses when they consider one operator at a time.

Notice that, while long-distance QCD e↵ects induce energy-dependent corrections to
the scattering amplitude, we will only present the matching from quark and gluon level
to the nucleon level at lowest order. Next to leading order e↵ects, including two-nucleon
interactions [17], have been studied in the case of scalar interactions in [18], and for spin-
dependent (axial-vector) interactions in [19, 20].
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cross section, thus generating phenomenologies that are usually not taken into account by
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interactions [17], have been studied in the case of scalar interactions in [18], and for spin-
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where G̃a
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2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
Gauge-invariant interaction operators with gluons arise at dimension seven, and are
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where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level
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introduced in eq. (2.2): the first ones are the coe�cients in the expansion in terms of quark/gluon level
e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR operators.
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Incidentally, we will also see explicitly that di↵erent high-energy e↵ective operators

might have the same non-relativistic form, corresponding thus to the same O
NR

k . This can
also give rise to interference e↵ects that might significantly lower or enhance the scattering
cross section, thus generating phenomenologies that are usually not taken into account by
the e↵ective operators analyses when they consider one operator at a time.

Notice that, while long-distance QCD e↵ects induce energy-dependent corrections to
the scattering amplitude, we will only present the matching from quark and gluon level
to the nucleon level at lowest order. Next to leading order e↵ects, including two-nucleon
interactions [17], have been studied in the case of scalar interactions in [18], and for spin-
dependent (axial-vector) interactions in [19, 20].
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and cgk of [mass]�3. As briefly reviewed in appendix B, these operators induce an e↵ective
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8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�cients
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Incidentally, we will also see explicitly that di↵erent high-energy e↵ective operators

might have the same non-relativistic form, corresponding thus to the same O
NR

k . This can
also give rise to interference e↵ects that might significantly lower or enhance the scattering
cross section, thus generating phenomenologies that are usually not taken into account by
the e↵ective operators analyses when they consider one operator at a time.

Notice that, while long-distance QCD e↵ects induce energy-dependent corrections to
the scattering amplitude, we will only present the matching from quark and gluon level
to the nucleon level at lowest order. Next to leading order e↵ects, including two-nucleon
interactions [17], have been studied in the case of scalar interactions in [18], and for spin-
dependent (axial-vector) interactions in [19, 20].
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where G̃a
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⇢�, and the numerical overall factors have been chosen for later conve-
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k +
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k , (5.4)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level
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8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�cients
introduced in eq. (2.2): the first ones are the coe�cients in the expansion in terms of quark/gluon level
e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR operators.
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where we do not take into account here flavor-violating interactions. Notice that the operators

�̄ �µ⌫� q̄ i�µ⌫�
5q , �̄ i�µ⌫�5� q̄ i�µ⌫�

5q (5.2)

are equal to O
q
10

and �O
q
9
, respectively, by virtue of the identity i�µ⌫�5 = �1

2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
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where G̃a
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k +
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where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level
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Incidentally, we will also see explicitly that di↵erent high-energy e↵ective operators
might have the same non-relativistic form, corresponding thus to the same O

NR

k . This can
also give rise to interference e↵ects that might significantly lower or enhance the scattering
cross section, thus generating phenomenologies that are usually not taken into account by
the e↵ective operators analyses when they consider one operator at a time.

Notice that, while long-distance QCD e↵ects induce energy-dependent corrections to
the scattering amplitude, we will only present the matching from quark and gluon level
to the nucleon level at lowest order. Next to leading order e↵ects, including two-nucleon
interactions [17], have been studied in the case of scalar interactions in [18], and for spin-
dependent (axial-vector) interactions in [19, 20].

5.1 E↵ective operators for fermion dark matter

At dimension six, the e↵ective operators one can construct with a Dirac neutral DM field �
and quark fields q are
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where we do not take into account here flavor-violating interactions. Notice that the operators
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5q , �̄ i�µ⌫�5� q̄ i�µ⌫�

5q (5.2)

are equal to O
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and �O
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, respectively, by virtue of the identity i�µ⌫�5 = �1

2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
Gauge-invariant interaction operators with gluons arise at dimension seven, and are

O
g
1
=

↵s

12⇡
�̄�Ga

µ⌫G
a
µ⌫ , O

g
2
=

↵s

12⇡
�̄ i�5�Ga

µ⌫G
a
µ⌫ ,

O
g
3
=

↵s

8⇡
�̄�Ga

µ⌫G̃
a
µ⌫ , O

g
4
=

↵s

8⇡
�̄ i�5�Ga

µ⌫G̃
a
µ⌫ ,

(5.3)

where G̃a
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⇢�, and the numerical overall factors have been chosen for later conve-
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k +
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k , (5.4)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level
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8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�cients
introduced in eq. (2.2): the first ones are the coe�cients in the expansion in terms of quark/gluon level
e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR operators.
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Incidentally, we will also see explicitly that di↵erent high-energy e↵ective operators

might have the same non-relativistic form, corresponding thus to the same O
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k . This can
also give rise to interference e↵ects that might significantly lower or enhance the scattering
cross section, thus generating phenomenologies that are usually not taken into account by
the e↵ective operators analyses when they consider one operator at a time.

Notice that, while long-distance QCD e↵ects induce energy-dependent corrections to
the scattering amplitude, we will only present the matching from quark and gluon level
to the nucleon level at lowest order. Next to leading order e↵ects, including two-nucleon
interactions [17], have been studied in the case of scalar interactions in [18], and for spin-
dependent (axial-vector) interactions in [19, 20].
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where we do not take into account here flavor-violating interactions. Notice that the operators
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8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�cients
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Incidentally, we will also see explicitly that di↵erent high-energy e↵ective operators

might have the same non-relativistic form, corresponding thus to the same O
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k . This can
also give rise to interference e↵ects that might significantly lower or enhance the scattering
cross section, thus generating phenomenologies that are usually not taken into account by
the e↵ective operators analyses when they consider one operator at a time.

Notice that, while long-distance QCD e↵ects induce energy-dependent corrections to
the scattering amplitude, we will only present the matching from quark and gluon level
to the nucleon level at lowest order. Next to leading order e↵ects, including two-nucleon
interactions [17], have been studied in the case of scalar interactions in [18], and for spin-
dependent (axial-vector) interactions in [19, 20].
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might have the same non-relativistic form, corresponding thus to the same O
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k . This can
also give rise to interference e↵ects that might significantly lower or enhance the scattering
cross section, thus generating phenomenologies that are usually not taken into account by
the e↵ective operators analyses when they consider one operator at a time.

Notice that, while long-distance QCD e↵ects induce energy-dependent corrections to
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interactions [17], have been studied in the case of scalar interactions in [18], and for spin-
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5.1 E↵ective operators for fermion dark matter

At dimension six, the e↵ective operators one can construct with a Dirac neutral DM field �
and quark fields q are

O
q
1
= �̄� q̄q , O

q
2
= �̄ i�5� q̄q ,

O
q
3
= �̄� q̄ i�5q , O

q
4
= �̄ i�5� q̄ i�5q ,

O
q
5
= �̄�µ� q̄�µq , O

q
6
= �̄�µ�5� q̄�µq ,

O
q
7
= �̄�µ� q̄�µ�

5q , O
q
8
= �̄�µ�5� q̄�µ�

5q ,

O
q
9
= �̄ �µ⌫� q̄ �µ⌫q , O

q
10

= �̄ i�µ⌫�5� q̄ �µ⌫q ,

(5.1)

where we do not take into account here flavor-violating interactions. Notice that the operators

�̄ �µ⌫� q̄ i�µ⌫�
5q , �̄ i�µ⌫�5� q̄ i�µ⌫�

5q (5.2)

are equal to O
q
10

and �O
q
9
, respectively, by virtue of the identity i�µ⌫�5 = �1

2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
Gauge-invariant interaction operators with gluons arise at dimension seven, and are

O
g
1
=

↵s

12⇡
�̄�Ga

µ⌫G
a
µ⌫ , O

g
2
=

↵s

12⇡
�̄ i�5�Ga

µ⌫G
a
µ⌫ ,

O
g
3
=

↵s

8⇡
�̄�Ga

µ⌫G̃
a
µ⌫ , O

g
4
=

↵s

8⇡
�̄ i�5�Ga

µ⌫G̃
a
µ⌫ ,

(5.3)

where G̃a
µ⌫ ⌘ "µ⌫⇢�Ga

⇢�, and the numerical overall factors have been chosen for later conve-
nience.

The e↵ective Lagrangian at the quark-gluon level is

Le↵ =
10X

k=1

X

q

cqkO
q
k +

4X

k=1

cgkO
g
k , (5.4)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level

Le↵ =
10X

k=1

X

N=p,n

cNk O
N
k , (5.5)

8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�cients
introduced in eq. (2.2): the first ones are the coe�cients in the expansion in terms of quark/gluon level
e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR operators.

– 20 –

JCAP10(2013)019

Incidentally, we will also see explicitly that di↵erent high-energy e↵ective operators
might have the same non-relativistic form, corresponding thus to the same O

NR

k . This can
also give rise to interference e↵ects that might significantly lower or enhance the scattering
cross section, thus generating phenomenologies that are usually not taken into account by
the e↵ective operators analyses when they consider one operator at a time.

Notice that, while long-distance QCD e↵ects induce energy-dependent corrections to
the scattering amplitude, we will only present the matching from quark and gluon level
to the nucleon level at lowest order. Next to leading order e↵ects, including two-nucleon
interactions [17], have been studied in the case of scalar interactions in [18], and for spin-
dependent (axial-vector) interactions in [19, 20].

5.1 E↵ective operators for fermion dark matter

At dimension six, the e↵ective operators one can construct with a Dirac neutral DM field �
and quark fields q are

O
q
1
= �̄� q̄q , O

q
2
= �̄ i�5� q̄q ,

O
q
3
= �̄� q̄ i�5q , O

q
4
= �̄ i�5� q̄ i�5q ,

O
q
5
= �̄�µ� q̄�µq , O

q
6
= �̄�µ�5� q̄�µq ,

O
q
7
= �̄�µ� q̄�µ�

5q , O
q
8
= �̄�µ�5� q̄�µ�

5q ,

O
q
9
= �̄ �µ⌫� q̄ �µ⌫q , O

q
10

= �̄ i�µ⌫�5� q̄ �µ⌫q ,

(5.1)

where we do not take into account here flavor-violating interactions. Notice that the operators

�̄ �µ⌫� q̄ i�µ⌫�
5q , �̄ i�µ⌫�5� q̄ i�µ⌫�

5q (5.2)

are equal to O
q
10

and �O
q
9
, respectively, by virtue of the identity i�µ⌫�5 = �1

2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
Gauge-invariant interaction operators with gluons arise at dimension seven, and are

O
g
1
=

↵s

12⇡
�̄�Ga

µ⌫G
a
µ⌫ , O

g
2
=

↵s

12⇡
�̄ i�5�Ga

µ⌫G
a
µ⌫ ,

O
g
3
=

↵s

8⇡
�̄�Ga

µ⌫G̃
a
µ⌫ , O

g
4
=

↵s

8⇡
�̄ i�5�Ga

µ⌫G̃
a
µ⌫ ,

(5.3)

where G̃a
µ⌫ ⌘ "µ⌫⇢�Ga

⇢�, and the numerical overall factors have been chosen for later conve-
nience.

The e↵ective Lagrangian at the quark-gluon level is

Le↵ =
10X

k=1

X

q

cqkO
q
k +

4X

k=1

cgkO
g
k , (5.4)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level

Le↵ =
10X

k=1

X

N=p,n

cNk O
N
k , (5.5)

8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�cients
introduced in eq. (2.2): the first ones are the coe�cients in the expansion in terms of quark/gluon level
e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR operators.

– 20 –

DIM-6 operators: 
Constructed with neutral 

DM & SM quarks 

DIM-7 operators: 
SM gauge invariant 

couple DM with gluons

cqk dim. of [mass]�2

cgk dim. of [mass]�3

JCAP10(2013)019

Incidentally, we will also see explicitly that di↵erent high-energy e↵ective operators
might have the same non-relativistic form, corresponding thus to the same O

NR

k . This can
also give rise to interference e↵ects that might significantly lower or enhance the scattering
cross section, thus generating phenomenologies that are usually not taken into account by
the e↵ective operators analyses when they consider one operator at a time.

Notice that, while long-distance QCD e↵ects induce energy-dependent corrections to
the scattering amplitude, we will only present the matching from quark and gluon level
to the nucleon level at lowest order. Next to leading order e↵ects, including two-nucleon
interactions [17], have been studied in the case of scalar interactions in [18], and for spin-
dependent (axial-vector) interactions in [19, 20].

5.1 E↵ective operators for fermion dark matter

At dimension six, the e↵ective operators one can construct with a Dirac neutral DM field �
and quark fields q are

O
q
1
= �̄� q̄q , O

q
2
= �̄ i�5� q̄q ,

O
q
3
= �̄� q̄ i�5q , O

q
4
= �̄ i�5� q̄ i�5q ,

O
q
5
= �̄�µ� q̄�µq , O

q
6
= �̄�µ�5� q̄�µq ,

O
q
7
= �̄�µ� q̄�µ�

5q , O
q
8
= �̄�µ�5� q̄�µ�

5q ,

O
q
9
= �̄ �µ⌫� q̄ �µ⌫q , O

q
10

= �̄ i�µ⌫�5� q̄ �µ⌫q ,

(5.1)

where we do not take into account here flavor-violating interactions. Notice that the operators

�̄ �µ⌫� q̄ i�µ⌫�
5q , �̄ i�µ⌫�5� q̄ i�µ⌫�

5q (5.2)

are equal to O
q
10

and �O
q
9
, respectively, by virtue of the identity i�µ⌫�5 = �1

2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
Gauge-invariant interaction operators with gluons arise at dimension seven, and are

O
g
1
=

↵s

12⇡
�̄�Ga

µ⌫G
a
µ⌫ , O

g
2
=

↵s

12⇡
�̄ i�5�Ga

µ⌫G
a
µ⌫ ,

O
g
3
=

↵s

8⇡
�̄�Ga

µ⌫G̃
a
µ⌫ , O

g
4
=

↵s

8⇡
�̄ i�5�Ga

µ⌫G̃
a
µ⌫ ,

(5.3)

where G̃a
µ⌫ ⌘ "µ⌫⇢�Ga

⇢�, and the numerical overall factors have been chosen for later conve-
nience.

The e↵ective Lagrangian at the quark-gluon level is

Le↵ =
10X

k=1

X

q

cqkO
q
k +

4X

k=1

cgkO
g
k , (5.4)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level

Le↵ =
10X

k=1

X

N=p,n

cNk O
N
k , (5.5)

8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�cients
introduced in eq. (2.2): the first ones are the coe�cients in the expansion in terms of quark/gluon level
e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR operators.

– 20 –

JCAP10(2013)019
Incidentally, we will also see explicitly that di↵erent high-energy e↵ective operators

might have the same non-relativistic form, corresponding thus to the same O
NR

k . This can
also give rise to interference e↵ects that might significantly lower or enhance the scattering
cross section, thus generating phenomenologies that are usually not taken into account by
the e↵ective operators analyses when they consider one operator at a time.

Notice that, while long-distance QCD e↵ects induce energy-dependent corrections to
the scattering amplitude, we will only present the matching from quark and gluon level
to the nucleon level at lowest order. Next to leading order e↵ects, including two-nucleon
interactions [17], have been studied in the case of scalar interactions in [18], and for spin-
dependent (axial-vector) interactions in [19, 20].

5.1 E↵ective operators for fermion dark matter

At dimension six, the e↵ective operators one can construct with a Dirac neutral DM field �
and quark fields q are

O
q
1
= �̄� q̄q , O

q
2
= �̄ i�5� q̄q ,

O
q
3
= �̄� q̄ i�5q , O

q
4
= �̄ i�5� q̄ i�5q ,

O
q
5
= �̄�µ� q̄�µq , O

q
6
= �̄�µ�5� q̄�µq ,

O
q
7
= �̄�µ� q̄�µ�

5q , O
q
8
= �̄�µ�5� q̄�µ�

5q ,

O
q
9
= �̄ �µ⌫� q̄ �µ⌫q , O

q
10

= �̄ i�µ⌫�5� q̄ �µ⌫q ,

(5.1)

where we do not take into account here flavor-violating interactions. Notice that the operators

�̄ �µ⌫� q̄ i�µ⌫�
5q , �̄ i�µ⌫�5� q̄ i�µ⌫�

5q (5.2)

are equal to O
q
10

and �O
q
9
, respectively, by virtue of the identity i�µ⌫�5 = �1

2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
Gauge-invariant interaction operators with gluons arise at dimension seven, and are

O
g
1
=

↵s

12⇡
�̄�Ga

µ⌫G
a
µ⌫ , O

g
2
=

↵s

12⇡
�̄ i�5�Ga

µ⌫G
a
µ⌫ ,

O
g
3
=

↵s

8⇡
�̄�Ga

µ⌫G̃
a
µ⌫ , O

g
4
=

↵s

8⇡
�̄ i�5�Ga

µ⌫G̃
a
µ⌫ ,

(5.3)

where G̃a
µ⌫ ⌘ "µ⌫⇢�Ga

⇢�, and the numerical overall factors have been chosen for later conve-
nience.

The e↵ective Lagrangian at the quark-gluon level is

Le↵ =
10X

k=1

X

q

cqkO
q
k +

4X

k=1

cgkO
g
k , (5.4)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level

Le↵ =
10X

k=1

X

N=p,n

cNk O
N
k , (5.5)

8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�cients
introduced in eq. (2.2): the first ones are the coe�cients in the expansion in terms of quark/gluon level
e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR operators.

– 20 –

LAGRANGIAN at the q & g level 

MAJORANA DM



Main steps to NR cross sectionPAOLO PANCI 
slide 15/30

DM-nucleus collisions: deeply NR regime



Main steps to NR cross sectionPAOLO PANCI 
slide 15/30

dress the q and g 
operators to the 
nucleon level

STEP I: DM-nucleon

L
N
e↵ =

X

k

cNk O
N
k

DM-nucleus collisions: deeply NR regime

hN(p0)|O(q,g)
k |N(p)i

<latexit sha1_base64="2gvXejSz5lTjryMMkSksuo4ioic="></latexit>

L
<latexit sha1_base64="Ci/j2URxaPu+xAYqRLSNvSu6HiY=">AAAB/HicbVA9SwNBEN2LXzF+RS1tFoNgFe6ioJUEbCwsIpgPTEKY20zikr29Y3dOCCH+Clut7MTW/2Lhf/HuTKGJr3q8N8O8eX6kpCXX/XRyS8srq2v59cLG5tb2TnF3r2HD2Aisi1CFpuWDRSU11kmSwlZkEAJfYdMfXaZ+8wGNlaG+pXGE3QCGWg6kAEqku04AdC9A8eteseSW3Qx8kXgzUmIz1HrFr04/FHGAmoQCa9ueG1F3AoakUDgtdGKLEYgRDLGdUA0B2u4kSzzlR7EFCnmEhkvFMxF/b0wgsHYc+MlkmtDOe6n4n9eOaXDenUgdxYRapIdIKswOWWFkUgXyvjRIBGly5FJzAQaI0EgOQiRinHRTSPrw5r9fJI1K2TspV25OS9WLWTN5dsAO2THz2BmrsitWY3UmmGZP7Jm9OI/Oq/PmvP+M5pzZzj77A+fjG9PUlQU=</latexit>



Main steps to NR cross sectionPAOLO PANCI 
slide 15/30

compute DM-nucleon 
ME & reduce it to NR 

operators

STEP II:

dress the q and g 
operators to the 
nucleon level

STEP I: DM-nucleon

L
N
e↵ =

X

k

cNk O
N
k

NR DM-nucleon ME
X

i

cNi ({c(q,g)},m�)O
NR
i

DM-nucleus collisions: deeply NR regime

hN(p0)|O(q,g)
k |N(p)i

<latexit sha1_base64="2gvXejSz5lTjryMMkSksuo4ioic="></latexit>

h�N
��LN

e↵

���0N 0iq2!0
<latexit sha1_base64="kLLhBJuoy37RjXMLND0WtXRfNIc="></latexit>

L
<latexit sha1_base64="Ci/j2URxaPu+xAYqRLSNvSu6HiY=">AAAB/HicbVA9SwNBEN2LXzF+RS1tFoNgFe6ioJUEbCwsIpgPTEKY20zikr29Y3dOCCH+Clut7MTW/2Lhf/HuTKGJr3q8N8O8eX6kpCXX/XRyS8srq2v59cLG5tb2TnF3r2HD2Aisi1CFpuWDRSU11kmSwlZkEAJfYdMfXaZ+8wGNlaG+pXGE3QCGWg6kAEqku04AdC9A8eteseSW3Qx8kXgzUmIz1HrFr04/FHGAmoQCa9ueG1F3AoakUDgtdGKLEYgRDLGdUA0B2u4kSzzlR7EFCnmEhkvFMxF/b0wgsHYc+MlkmtDOe6n4n9eOaXDenUgdxYRapIdIKswOWWFkUgXyvjRIBGly5FJzAQaI0EgOQiRinHRTSPrw5r9fJI1K2TspV25OS9WLWTN5dsAO2THz2BmrsitWY3UmmGZP7Jm9OI/Oq/PmvP+M5pzZzj77A+fjG9PUlQU=</latexit>



Main steps to NR cross sectionPAOLO PANCI 
slide 15/30

correct the 
DM-nucleon ME with 
the nuclear response 

STEP III:

compute DM-nucleon 
ME & reduce it to NR 

operators

STEP II:

dress the q and g 
operators to the 
nucleon level

STEP I: DM-nucleon

L
N
e↵ =

X

k

cNk O
N
k

NR DM-nucleon ME
X

i

cNi ({c(q,g)},m�)O
NR
i

DM-nucleus collisions: deeply NR regime

DM-Nucleus XS
d�

dER
/

X

i,j

X

N,N 0=p,n

cNi cN
0

j F (N,N 0)
i,j

hN(p0)|O(q,g)
k |N(p)i

<latexit sha1_base64="2gvXejSz5lTjryMMkSksuo4ioic="></latexit>

h�N
��LN

e↵

���0N 0iq2!0
<latexit sha1_base64="kLLhBJuoy37RjXMLND0WtXRfNIc="></latexit>

L
<latexit sha1_base64="Ci/j2URxaPu+xAYqRLSNvSu6HiY=">AAAB/HicbVA9SwNBEN2LXzF+RS1tFoNgFe6ioJUEbCwsIpgPTEKY20zikr29Y3dOCCH+Clut7MTW/2Lhf/HuTKGJr3q8N8O8eX6kpCXX/XRyS8srq2v59cLG5tb2TnF3r2HD2Aisi1CFpuWDRSU11kmSwlZkEAJfYdMfXaZ+8wGNlaG+pXGE3QCGWg6kAEqku04AdC9A8eteseSW3Qx8kXgzUmIz1HrFr04/FHGAmoQCa9ueG1F3AoakUDgtdGKLEYgRDLGdUA0B2u4kSzzlR7EFCnmEhkvFMxF/b0wgsHYc+MlkmtDOe6n4n9eOaXDenUgdxYRapIdIKswOWWFkUgXyvjRIBGly5FJzAQaI0EgOQiRinHRTSPrw5r9fJI1K2TspV25OS9WLWTN5dsAO2THz2BmrsitWY3UmmGZP7Jm9OI/Oq/PmvP+M5pzZzj77A+fjG9PUlQU=</latexit>

|MN |2 ) |MT |2
<latexit sha1_base64="XYss9YhRvqNg0WJgMD6T9r7yPE4="></latexit>



Main steps to NR cross sectionPAOLO PANCI 
slide 15/30

correct the 
DM-nucleon ME with 
the nuclear response 

STEP III:

compute DM-nucleon 
ME & reduce it to NR 

operators

STEP II:

dress the q and g 
operators to the 
nucleon level

STEP I:

DM-nucleus collisions: deeply NR regime

see e.g.   M. Cirelli, E. Del Nobile, P. Panci,  
               JCAP 1310 (2013) 019, [arXiv: 1307.5955] 

A. L. Fitzpatrick, W. Haxton,  E. Katz, N. Lubbers,  Y. Xu,          
JCAP 1302 (2013) 004, [arXiv: 1203.3542]

see e.g.  J.R. Ellis, K. A. Olive, C. Savage,  
              PRD 77 (2008) 065026, [arXiv: 0801.3656] 

              F. Bishara, J. Brod, B. Grinstein, J. Zupan 
              JHEP 1711 (2017) 059, [arXiv: 1707.06998] 

              H.-Y. Cheng, C.-W. Chiang.  
              JHEP 07 (2012) 009, [arXiv: 1202.1292] 

              F. Bishara, J. Brod, B. Grinstein, J. Zupan 
              [arXiv: 1708.02678]



NR structurePAOLO PANCI 
slide 16/30



NR structurePAOLO PANCI 
slide 16/30

Contact SI  
different coefficients 

due to quark/gluon currents 
dressing into nucleons 

cq1 �̄� q̄q

↵s

12⇡
cg1 �̄�Ga

µ⌫G
µ⌫
a

cq5 �̄�
µ� q̄�µq

S-S
V-V
S-GG

<latexit sha1_base64="kSx/bSVvroKrMv7HMrJ8yNMPn3U=">AAACVXicbVDLSgNBEJysrxgfiXr0MhgUL4bdKCieAh7iMaKJgWwIvZNWB2cfzPSKYcn3+QniwU/wqifB3RgwD+tUVFVP95QXKWnItt9y1sLi0vJKfrWwtr6xWSxtbbdMGGuBTRGqULc9MKhkgE2SpLAdaQTfU3jrPV5k/u0TaiPD4IYGEXZ9uA/knRRAqdQrwYHrAz0IUPyau74XPidHQz6puYW/SOufSGs6MvEKr9dTr1cq2xV7BD5PnDEpszEavdK72w9F7GNAQoExHceOqJuAJikUDgtubDAC8Qj32ElpAD6abjKqYsj3YwMU8gg1l4qPRJycSMA3ZuB7aTK72Mx6mfif14np7qybyCCKCQORLSKpcLTICC3TjpH3pUYiyC5HLgMuQAMRaslBiFSM09ILaR/O7O/nSatacY4r1auTcu183Eye7bI9dsgcdspq7JI1WJMJ9sI+2Cf7yr3mvq1Fa/k3auXGMztsClbxB9QTsm0=</latexit>

MN / I�IN
<latexit sha1_base64="Pd8LNveRi/8yM5rShCd8A/SBX3M=">AAACKHicbVDLSsNAFJ34tr6iLt0MFsFVSWpBVyK40YWiYK3QlHAzXtuhk2SYuREk9Ef8BL/Cra7ciQs3folJLfioZ3U4517uuSfSSlryvDdnYnJqemZ2br6ysLi0vOKurl3aNDMCmyJVqbmKwKKSCTZJksIrbRDiSGEr6h+WfusWjZVpckF3GjsxdBN5IwVQIYVugwcxUE+A4ifhKQ+0STWl3+JxmAeiJwc/ldPQrXo1bwg+TvwRqbIRzkL3PbhORRZjQkKBtW3f09TJwZAUCgeVILOoQfShi+2CJhCj7eTD7wZ8K7NQRNJouFR8KOLPjRxia+/iqJgsM9q/Xin+57Uzutnr5DLRGWEiykMkFQ4PWWFkURvya2mQCMrkyGXCBRggQiM5CFGIWdFjpejD//v9OLms1/ydWv28UT3YHzUzxzbYJttmPttlB+yInbEmE+yePbIn9uw8OC/Oq/P2NTrhjHbW2S84H5+UrqXa</latexit>



NR structurePAOLO PANCI 
slide 16/30

Contact SI  
different coefficients 

due to quark/gluon currents 
dressing into nucleons 

cq1 �̄� q̄q

↵s

12⇡
cg1 �̄�Ga

µ⌫G
µ⌫
a

cq5 �̄�
µ� q̄�µq

Contact SD  
different coefficients 

due to quark/gluon currents 
dressing into nucleons 

cq8 �̄�
µ�5� q̄�µ�

5q

cq9 �̄�
µ⌫� q̄�µ⌫q

S-S
V-V
S-GG

<latexit sha1_base64="kSx/bSVvroKrMv7HMrJ8yNMPn3U=">AAACVXicbVDLSgNBEJysrxgfiXr0MhgUL4bdKCieAh7iMaKJgWwIvZNWB2cfzPSKYcn3+QniwU/wqifB3RgwD+tUVFVP95QXKWnItt9y1sLi0vJKfrWwtr6xWSxtbbdMGGuBTRGqULc9MKhkgE2SpLAdaQTfU3jrPV5k/u0TaiPD4IYGEXZ9uA/knRRAqdQrwYHrAz0IUPyau74XPidHQz6puYW/SOufSGs6MvEKr9dTr1cq2xV7BD5PnDEpszEavdK72w9F7GNAQoExHceOqJuAJikUDgtubDAC8Qj32ElpAD6abjKqYsj3YwMU8gg1l4qPRJycSMA3ZuB7aTK72Mx6mfif14np7qybyCCKCQORLSKpcLTICC3TjpH3pUYiyC5HLgMuQAMRaslBiFSM09ILaR/O7O/nSatacY4r1auTcu183Eye7bI9dsgcdspq7JI1WJMJ9sI+2Cf7yr3mvq1Fa/k3auXGMztsClbxB9QTsm0=</latexit>

AV-AV
T -T

<latexit sha1_base64="/9j6gN1xuMEopQzNKIuLl12gMYE=">AAACQHicbVC7SgNBFJ31GeMramkzGBQbw24UFCvFxsIiQl6QDeHu5EYHZx/M3BVlyU/5CX6FFhZa2YmtlbsxEGM81eGcc7n3Hi9S0pBtP1tT0zOzc/O5hfzi0vLKamFtvW7CWAusiVCFuumBQSUDrJEkhc1II/iewoZ3c5b5jVvURoZBle4jbPtwFcieFECp1Clc7Lg+0LUAxZPTep+7vhfeJXsZGZPd/ChYHaX4b9HtFIp2yR6ATxJnSIpsiEqn8OJ2QxH7GJBQYEzLsSNqJ6BJCoX9vBsbjEDcwBW2UhqAj6adDL7u8+3YAIU8Qs2l4gMRf08k4Btz73tpMjvS/PUy8T+vFVPvqJ3IIIoJA5EtIqlwsMgILdM6kXelRiLILkcuAy5AAxFqyUGIVIzTfvNpH87f7ydJvVxy9kvly4PiyfGwmRzbZFtslznskJ2wc1ZhNSbYA3tir+zNerTerQ/r8yc6ZQ1nNtgYrK9v8PmuVg==</latexit>

MN / ~s� · ~sN
<latexit sha1_base64="+P5wYG3cxpWQVmBwmrLo1p1cisY=">AAACJ3icbVDLSsRAEJz4dn2tevQyuAielkQFPYngxYui4KqwWUKnt9XBSTLMdAQJ+yF+gl/hVU/eRA8e/BOTdQVfdSqquumuio1Wjn3/1RsaHhkdG5+YrE1Nz8zO1ecXTlyWW6QWZjqzZzE40iqlFivWdGYsQRJrOo2vdiv/9JqsU1l6zDeGOglcpOpcIXApRfV1GSbAlwha7kcHMjQ2M5xJGV4TShcVIV6qngyxm/GXdhDVG37T70P+JcGANMQAh1H9LexmmCeUMmpwrh34hjsFWFaoqVcLc0cG8AouqF3SFBJynaIfridXcgflR4asVFr2Rfq+UUDi3E0Sl5NVEvfbq8T/vHbO51udQqUmZ0qxOsRKU/+QQ6vK1kh2lSVmqD4nqVKJYIGZrJKAWIp5WWOt7CP4nf4vOVlrBuvNtaONxs72oJkJsSSWxaoIxKbYEXviULQEiltxLx7Eo3fnPXnP3svn6JA32FkUP+C9fwBea6Uy</latexit>

MN / I�IN
<latexit sha1_base64="Pd8LNveRi/8yM5rShCd8A/SBX3M=">AAACKHicbVDLSsNAFJ34tr6iLt0MFsFVSWpBVyK40YWiYK3QlHAzXtuhk2SYuREk9Ef8BL/Cra7ciQs3folJLfioZ3U4517uuSfSSlryvDdnYnJqemZ2br6ysLi0vOKurl3aNDMCmyJVqbmKwKKSCTZJksIrbRDiSGEr6h+WfusWjZVpckF3GjsxdBN5IwVQIYVugwcxUE+A4ifhKQ+0STWl3+JxmAeiJwc/ldPQrXo1bwg+TvwRqbIRzkL3PbhORRZjQkKBtW3f09TJwZAUCgeVILOoQfShi+2CJhCj7eTD7wZ8K7NQRNJouFR8KOLPjRxia+/iqJgsM9q/Xin+57Uzutnr5DLRGWEiykMkFQ4PWWFkURvya2mQCMrkyGXCBRggQiM5CFGIWdFjpejD//v9OLms1/ydWv28UT3YHzUzxzbYJttmPttlB+yInbEmE+yePbIn9uw8OC/Oq/P2NTrhjHbW2S84H5+UrqXa</latexit>



NR structurePAOLO PANCI 
slide 16/30

Contact SI  
different coefficients 

due to quark/gluon currents 
dressing into nucleons 

cq1 �̄� q̄q

↵s

12⇡
cg1 �̄�Ga

µ⌫G
µ⌫
a

cq5 �̄�
µ� q̄�µq

Contact SD  
different coefficients 

due to quark/gluon currents 
dressing into nucleons 

cq8 �̄�
µ�5� q̄�µ�

5q

cq9 �̄�
µ⌫� q̄�µ⌫q

Longitudinal SD 
highly suppressed  

S-S
V-V
S-GG

<latexit sha1_base64="kSx/bSVvroKrMv7HMrJ8yNMPn3U=">AAACVXicbVDLSgNBEJysrxgfiXr0MhgUL4bdKCieAh7iMaKJgWwIvZNWB2cfzPSKYcn3+QniwU/wqifB3RgwD+tUVFVP95QXKWnItt9y1sLi0vJKfrWwtr6xWSxtbbdMGGuBTRGqULc9MKhkgE2SpLAdaQTfU3jrPV5k/u0TaiPD4IYGEXZ9uA/knRRAqdQrwYHrAz0IUPyau74XPidHQz6puYW/SOufSGs6MvEKr9dTr1cq2xV7BD5PnDEpszEavdK72w9F7GNAQoExHceOqJuAJikUDgtubDAC8Qj32ElpAD6abjKqYsj3YwMU8gg1l4qPRJycSMA3ZuB7aTK72Mx6mfif14np7qybyCCKCQORLSKpcLTICC3TjpH3pUYiyC5HLgMuQAMRaslBiFSM09ILaR/O7O/nSatacY4r1auTcu183Eye7bI9dsgcdspq7JI1WJMJ9sI+2Cf7yr3mvq1Fa/k3auXGMztsClbxB9QTsm0=</latexit>

AV-AV
T -T

<latexit sha1_base64="/9j6gN1xuMEopQzNKIuLl12gMYE=">AAACQHicbVC7SgNBFJ31GeMramkzGBQbw24UFCvFxsIiQl6QDeHu5EYHZx/M3BVlyU/5CX6FFhZa2YmtlbsxEGM81eGcc7n3Hi9S0pBtP1tT0zOzc/O5hfzi0vLKamFtvW7CWAusiVCFuumBQSUDrJEkhc1II/iewoZ3c5b5jVvURoZBle4jbPtwFcieFECp1Clc7Lg+0LUAxZPTep+7vhfeJXsZGZPd/ChYHaX4b9HtFIp2yR6ATxJnSIpsiEqn8OJ2QxH7GJBQYEzLsSNqJ6BJCoX9vBsbjEDcwBW2UhqAj6adDL7u8+3YAIU8Qs2l4gMRf08k4Btz73tpMjvS/PUy8T+vFVPvqJ3IIIoJA5EtIqlwsMgILdM6kXelRiLILkcuAy5AAxFqyUGIVIzTfvNpH87f7ydJvVxy9kvly4PiyfGwmRzbZFtslznskJ2wc1ZhNSbYA3tir+zNerTerQ/r8yc6ZQ1nNtgYrK9v8PmuVg==</latexit>

PS-PS
PS-GG̃

<latexit sha1_base64="7c49cliG5cQec6xaJBwR9PZQfkk=">AAACQnicdVC7TsNAEDzzDOEVoKQ5EYFoiGxAAlFFooAKBUEIUmxF68sCp5wfulsjkJW/4hP4CZCooKJDtBTYJgXhsdVoZla7M36spCHbfrBGRsfGJyZLU+Xpmdm5+crC4pmJEi2wKSIV6XMfDCoZYpMkKTyPNULgK2z5vf1cb12jNjIKT+k2Ri+Ay1BeSAGUUZ3K0ZobAF0JUDxtnPS5G/jRTbqRgyHaLf9nPOAuSdXFHLidStWu2cXw38AZgCobTKNTeXK7kUgCDEkoMKbt2DF5KWiSQmG/7CYGYxA9uMR2BkMI0HhpkbvPVxMDFPEYNZeKFyR+30ghMOY28DNn/rv5qeXkX1o7oYtdL5VhnBCGIj+URcTikBFaZoUi70qNRJB/jlyGXIAGItSSgxAZmWQNl7M+nJ/pf4OzzZqzVds83q7W9wbNlNgyW2HrzGE7rM4OWYM1mWB37JE9sxfr3nq13qz3L+uINdhZYkNjfXwCwLivOw==</latexit>

cq4 �̄�
5� q̄�5q

↵s

12⇡
cg4 �̄�

5�Ga
µ⌫G̃

µ⌫
a

q4/(m2
Nm2

�)

MN / (~q · ~s�)(~q · ~sN )
<latexit sha1_base64="/g8WxuU3O/6/IFwSMhH3TM3XzOU="></latexit>

MN / ~s� · ~sN
<latexit sha1_base64="+P5wYG3cxpWQVmBwmrLo1p1cisY=">AAACJ3icbVDLSsRAEJz4dn2tevQyuAielkQFPYngxYui4KqwWUKnt9XBSTLMdAQJ+yF+gl/hVU/eRA8e/BOTdQVfdSqquumuio1Wjn3/1RsaHhkdG5+YrE1Nz8zO1ecXTlyWW6QWZjqzZzE40iqlFivWdGYsQRJrOo2vdiv/9JqsU1l6zDeGOglcpOpcIXApRfV1GSbAlwha7kcHMjQ2M5xJGV4TShcVIV6qngyxm/GXdhDVG37T70P+JcGANMQAh1H9LexmmCeUMmpwrh34hjsFWFaoqVcLc0cG8AouqF3SFBJynaIfridXcgflR4asVFr2Rfq+UUDi3E0Sl5NVEvfbq8T/vHbO51udQqUmZ0qxOsRKU/+QQ6vK1kh2lSVmqD4nqVKJYIGZrJKAWIp5WWOt7CP4nf4vOVlrBuvNtaONxs72oJkJsSSWxaoIxKbYEXviULQEiltxLx7Eo3fnPXnP3svn6JA32FkUP+C9fwBea6Uy</latexit>

MN / I�IN
<latexit sha1_base64="Pd8LNveRi/8yM5rShCd8A/SBX3M=">AAACKHicbVDLSsNAFJ34tr6iLt0MFsFVSWpBVyK40YWiYK3QlHAzXtuhk2SYuREk9Ef8BL/Cra7ciQs3folJLfioZ3U4517uuSfSSlryvDdnYnJqemZ2br6ysLi0vOKurl3aNDMCmyJVqbmKwKKSCTZJksIrbRDiSGEr6h+WfusWjZVpckF3GjsxdBN5IwVQIYVugwcxUE+A4ifhKQ+0STWl3+JxmAeiJwc/ldPQrXo1bwg+TvwRqbIRzkL3PbhORRZjQkKBtW3f09TJwZAUCgeVILOoQfShi+2CJhCj7eTD7wZ8K7NQRNJouFR8KOLPjRxia+/iqJgsM9q/Xin+57Uzutnr5DLRGWEiykMkFQ4PWWFkURvya2mQCMrkyGXCBRggQiM5CFGIWdFjpejD//v9OLms1/ydWv28UT3YHzUzxzbYJttmPttlB+yInbEmE+yePbIn9uw8OC/Oq/P2NTrhjHbW2S84H5+UrqXa</latexit>



NR structurePAOLO PANCI 
slide 16/30

Contact SI  
different coefficients 

due to quark/gluon currents 
dressing into nucleons 

cq1 �̄� q̄q

↵s

12⇡
cg1 �̄�Ga

µ⌫G
µ⌫
a

cq5 �̄�
µ� q̄�µq

Contact SD  
different coefficients 

due to quark/gluon currents 
dressing into nucleons 

cq8 �̄�
µ�5� q̄�µ�

5q

cq9 �̄�
µ⌫� q̄�µ⌫q

Longitudinal SD 
highly suppressed  

Matching onto  
NR EFT

The other 7 parity  
violating Operators

SI & SD interaction 
suppressed by   

S-S
V-V
S-GG

<latexit sha1_base64="kSx/bSVvroKrMv7HMrJ8yNMPn3U=">AAACVXicbVDLSgNBEJysrxgfiXr0MhgUL4bdKCieAh7iMaKJgWwIvZNWB2cfzPSKYcn3+QniwU/wqifB3RgwD+tUVFVP95QXKWnItt9y1sLi0vJKfrWwtr6xWSxtbbdMGGuBTRGqULc9MKhkgE2SpLAdaQTfU3jrPV5k/u0TaiPD4IYGEXZ9uA/knRRAqdQrwYHrAz0IUPyau74XPidHQz6puYW/SOufSGs6MvEKr9dTr1cq2xV7BD5PnDEpszEavdK72w9F7GNAQoExHceOqJuAJikUDgtubDAC8Qj32ElpAD6abjKqYsj3YwMU8gg1l4qPRJycSMA3ZuB7aTK72Mx6mfif14np7qybyCCKCQORLSKpcLTICC3TjpH3pUYiyC5HLgMuQAMRaslBiFSM09ILaR/O7O/nSatacY4r1auTcu183Eye7bI9dsgcdspq7JI1WJMJ9sI+2Cf7yr3mvq1Fa/k3auXGMztsClbxB9QTsm0=</latexit>

AV-AV
T -T

<latexit sha1_base64="/9j6gN1xuMEopQzNKIuLl12gMYE=">AAACQHicbVC7SgNBFJ31GeMramkzGBQbw24UFCvFxsIiQl6QDeHu5EYHZx/M3BVlyU/5CX6FFhZa2YmtlbsxEGM81eGcc7n3Hi9S0pBtP1tT0zOzc/O5hfzi0vLKamFtvW7CWAusiVCFuumBQSUDrJEkhc1II/iewoZ3c5b5jVvURoZBle4jbPtwFcieFECp1Clc7Lg+0LUAxZPTep+7vhfeJXsZGZPd/ChYHaX4b9HtFIp2yR6ATxJnSIpsiEqn8OJ2QxH7GJBQYEzLsSNqJ6BJCoX9vBsbjEDcwBW2UhqAj6adDL7u8+3YAIU8Qs2l4gMRf08k4Btz73tpMjvS/PUy8T+vFVPvqJ3IIIoJA5EtIqlwsMgILdM6kXelRiLILkcuAy5AAxFqyUGIVIzTfvNpH87f7ydJvVxy9kvly4PiyfGwmRzbZFtslznskJ2wc1ZhNSbYA3tir+zNerTerQ/r8yc6ZQ1nNtgYrK9v8PmuVg==</latexit>

PS-PS
PS-GG̃

<latexit sha1_base64="7c49cliG5cQec6xaJBwR9PZQfkk=">AAACQnicdVC7TsNAEDzzDOEVoKQ5EYFoiGxAAlFFooAKBUEIUmxF68sCp5wfulsjkJW/4hP4CZCooKJDtBTYJgXhsdVoZla7M36spCHbfrBGRsfGJyZLU+Xpmdm5+crC4pmJEi2wKSIV6XMfDCoZYpMkKTyPNULgK2z5vf1cb12jNjIKT+k2Ri+Ay1BeSAGUUZ3K0ZobAF0JUDxtnPS5G/jRTbqRgyHaLf9nPOAuSdXFHLidStWu2cXw38AZgCobTKNTeXK7kUgCDEkoMKbt2DF5KWiSQmG/7CYGYxA9uMR2BkMI0HhpkbvPVxMDFPEYNZeKFyR+30ghMOY28DNn/rv5qeXkX1o7oYtdL5VhnBCGIj+URcTikBFaZoUi70qNRJB/jlyGXIAGItSSgxAZmWQNl7M+nJ/pf4OzzZqzVds83q7W9wbNlNgyW2HrzGE7rM4OWYM1mWB37JE9sxfr3nq13qz3L+uINdhZYkNjfXwCwLivOw==</latexit>

cq4 �̄�
5� q̄�5q

↵s

12⇡
cg4 �̄�

5�Ga
µ⌫G̃

µ⌫
a

q4/(m2
Nm2

�)

(q2/(m2
N,�), v

2)

MN / (~q · ~s�)(~q · ~sN )
<latexit sha1_base64="/g8WxuU3O/6/IFwSMhH3TM3XzOU="></latexit>

MN / ~s� · ~sN
<latexit sha1_base64="+P5wYG3cxpWQVmBwmrLo1p1cisY=">AAACJ3icbVDLSsRAEJz4dn2tevQyuAielkQFPYngxYui4KqwWUKnt9XBSTLMdAQJ+yF+gl/hVU/eRA8e/BOTdQVfdSqquumuio1Wjn3/1RsaHhkdG5+YrE1Nz8zO1ecXTlyWW6QWZjqzZzE40iqlFivWdGYsQRJrOo2vdiv/9JqsU1l6zDeGOglcpOpcIXApRfV1GSbAlwha7kcHMjQ2M5xJGV4TShcVIV6qngyxm/GXdhDVG37T70P+JcGANMQAh1H9LexmmCeUMmpwrh34hjsFWFaoqVcLc0cG8AouqF3SFBJynaIfridXcgflR4asVFr2Rfq+UUDi3E0Sl5NVEvfbq8T/vHbO51udQqUmZ0qxOsRKU/+QQ6vK1kh2lSVmqD4nqVKJYIGZrJKAWIp5WWOt7CP4nf4vOVlrBuvNtaONxs72oJkJsSSWxaoIxKbYEXviULQEiltxLx7Eo3fnPXnP3svn6JA32FkUP+C9fwBea6Uy</latexit>

MN / I�IN
<latexit sha1_base64="Pd8LNveRi/8yM5rShCd8A/SBX3M=">AAACKHicbVDLSsNAFJ34tr6iLt0MFsFVSWpBVyK40YWiYK3QlHAzXtuhk2SYuREk9Ef8BL/Cra7ciQs3folJLfioZ3U4517uuSfSSlryvDdnYnJqemZ2br6ysLi0vOKurl3aNDMCmyJVqbmKwKKSCTZJksIrbRDiSGEr6h+WfusWjZVpckF3GjsxdBN5IwVQIYVugwcxUE+A4ifhKQ+0STWl3+JxmAeiJwc/ldPQrXo1bwg+TvwRqbIRzkL3PbhORRZjQkKBtW3f09TJwZAUCgeVILOoQfShi+2CJhCj7eTD7wZ8K7NQRNJouFR8KOLPjRxia+/iqJgsM9q/Xin+57Uzutnr5DLRGWEiykMkFQ4PWWFkURvya2mQCMrkyGXCBRggQiM5CFGIWdFjpejD//v9OLms1/ydWv28UT3YHzUzxzbYJttmPttlB+yInbEmE+yePbIn9uw8OC/Oq/P2NTrhjHbW2S84H5+UrqXa</latexit>



How do we put limits?PAOLO PANCI 
slide 17/30

JCAP10(2013)019

Incidentally, we will also see explicitly that di↵erent high-energy e↵ective operators
might have the same non-relativistic form, corresponding thus to the same O

NR

k . This can
also give rise to interference e↵ects that might significantly lower or enhance the scattering
cross section, thus generating phenomenologies that are usually not taken into account by
the e↵ective operators analyses when they consider one operator at a time.

Notice that, while long-distance QCD e↵ects induce energy-dependent corrections to
the scattering amplitude, we will only present the matching from quark and gluon level
to the nucleon level at lowest order. Next to leading order e↵ects, including two-nucleon
interactions [17], have been studied in the case of scalar interactions in [18], and for spin-
dependent (axial-vector) interactions in [19, 20].

5.1 E↵ective operators for fermion dark matter

At dimension six, the e↵ective operators one can construct with a Dirac neutral DM field �
and quark fields q are

O
q
1
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2
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q
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(5.1)

where we do not take into account here flavor-violating interactions. Notice that the operators

�̄ �µ⌫� q̄ i�µ⌫�
5q , �̄ i�µ⌫�5� q̄ i�µ⌫�

5q (5.2)

are equal to O
q
10

and �O
q
9
, respectively, by virtue of the identity i�µ⌫�5 = �1

2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
Gauge-invariant interaction operators with gluons arise at dimension seven, and are
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(5.3)

where G̃a
µ⌫ ⌘ "µ⌫⇢�Ga

⇢�, and the numerical overall factors have been chosen for later conve-
nience.

The e↵ective Lagrangian at the quark-gluon level is

Le↵ =
10X

k=1

X

q

cqkO
q
k +

4X

k=1

cgkO
g
k , (5.4)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level

Le↵ =
10X

k=1

X

N=p,n

cNk O
N
k , (5.5)

8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�cients
introduced in eq. (2.2): the first ones are the coe�cients in the expansion in terms of quark/gluon level
e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR operators.
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Higgs-like couplings 

cqi =
mq

⇤3

➡The simplest method:                                                                                        
assume the idealized case in which only one operator is active at a time

Scalar operators

Flavour-uni. couplings Vector operators

JCAP10(2013)019
Incidentally, we will also see explicitly that di↵erent high-energy e↵ective operators

might have the same non-relativistic form, corresponding thus to the same O
NR

k . This can
also give rise to interference e↵ects that might significantly lower or enhance the scattering
cross section, thus generating phenomenologies that are usually not taken into account by
the e↵ective operators analyses when they consider one operator at a time.

Notice that, while long-distance QCD e↵ects induce energy-dependent corrections to
the scattering amplitude, we will only present the matching from quark and gluon level
to the nucleon level at lowest order. Next to leading order e↵ects, including two-nucleon
interactions [17], have been studied in the case of scalar interactions in [18], and for spin-
dependent (axial-vector) interactions in [19, 20].

5.1 E↵ective operators for fermion dark matter

At dimension six, the e↵ective operators one can construct with a Dirac neutral DM field �
and quark fields q are

O
q
1
= �̄� q̄q , O

q
2
= �̄ i�5� q̄q ,

O
q
3
= �̄� q̄ i�5q , O

q
4
= �̄ i�5� q̄ i�5q ,

O
q
5
= �̄�µ� q̄�µq , O

q
6
= �̄�µ�5� q̄�µq ,

O
q
7
= �̄�µ� q̄�µ�

5q , O
q
8
= �̄�µ�5� q̄�µ�

5q ,

O
q
9
= �̄ �µ⌫� q̄ �µ⌫q , O

q
10

= �̄ i�µ⌫�5� q̄ �µ⌫q ,

(5.1)

where we do not take into account here flavor-violating interactions. Notice that the operators

�̄ �µ⌫� q̄ i�µ⌫�
5q , �̄ i�µ⌫�5� q̄ i�µ⌫�

5q (5.2)

are equal to O
q
10

and �O
q
9
, respectively, by virtue of the identity i�µ⌫�5 = �1

2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
Gauge-invariant interaction operators with gluons arise at dimension seven, and are

O
g
1
=

↵s

12⇡
�̄�Ga

µ⌫G
a
µ⌫ , O

g
2
=

↵s

12⇡
�̄ i�5�Ga

µ⌫G
a
µ⌫ ,

O
g
3
=

↵s

8⇡
�̄�Ga

µ⌫G̃
a
µ⌫ , O

g
4
=

↵s

8⇡
�̄ i�5�Ga

µ⌫G̃
a
µ⌫ ,

(5.3)

where G̃a
µ⌫ ⌘ "µ⌫⇢�Ga

⇢�, and the numerical overall factors have been chosen for later conve-
nience.

The e↵ective Lagrangian at the quark-gluon level is

Le↵ =
10X

k=1

X

q

cqkO
q
k +

4X

k=1

cgkO
g
k , (5.4)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level

Le↵ =
10X

k=1

X

N=p,n

cNk O
N
k , (5.5)

8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�cients
introduced in eq. (2.2): the first ones are the coe�cients in the expansion in terms of quark/gluon level
e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR operators.
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cqi =
1

⇤2
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Effective Operator: O6

5.1 E↵ective operators for fermion Dark Matter

At dimension six, the e↵ective operators one can construct with a Dirac neutral DM field
� and quark fields q are

O
q
1
= �̄� q̄q , O

q
2
= �̄ i�5� q̄q ,

O
q
3
= �̄� q̄ i�5q , O

q
4
= �̄ i�5� q̄ i�5q ,

O
q
5
= �̄�µ� q̄�µq , O

q
6
= �̄�µ�5� q̄�µq ,

O
q
7
= �̄�µ� q̄�µ�

5q , O
q
8
= �̄�µ�5� q̄�µ�

5q ,

O
q
9
= �̄ �µ⌫� q̄ �µ⌫q , O

q
10

= �̄ i�µ⌫�5� q̄ �µ⌫q ,

(39)

where we do not take into account here flavor-violating interactions. Notice that the oper-
ators

�̄ �µ⌫� q̄ i�µ⌫�
5q , �̄ i�µ⌫�5� q̄ i�µ⌫�

5q (40)

are equal to O
q
10

and �O
q
9
, respectively, by virtue of the identity i �µ⌫�5 = �1

2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
Gauge-invariant interaction operators with gluons arise at dimension seven, and are

O
g
1
=

↵s

12⇡
�̄�Ga

µ⌫G
a
µ⌫ , O

g
2
=

↵s

12⇡
�̄ i�5�Ga

µ⌫G
a
µ⌫ ,

O
g
3
=

↵s

8⇡
�̄�Ga

µ⌫G̃
a
µ⌫ , O

g
4
=

↵s

8⇡
�̄ i�5�Ga

µ⌫G̃
a
µ⌫ ,

(41)

where G̃a
µ⌫ ⌘ "µ⌫⇢�Ga

⇢�, and the numerical overall factors have been chosen for later conve-
nience.

The e↵ective Lagrangian at the quark-gluon level is

Le↵ =
10X

k=1

X

q

cqkO
q
k +

4X

k=1

cgkO
g
k , (42)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in Appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level

Le↵ =
10X

k=1

X

N=p,n

cNk O
N
k , (43)

where the O
N
k (N = p, n) are

O
N
1
= �̄� N̄N , O

N
2
= �̄ i�5� N̄N ,

O
N
3
= �̄� N̄ i�5N , O

N
4
= �̄ i�5� N̄ i�5N ,

O
N
5
= �̄�µ� N̄�µN , O

N
6
= �̄�µ�5� N̄�µN ,

O
N
7
= �̄�µ� N̄�µ�

5N , O
N
8
= �̄�µ�5� N̄�µ�

5N ,

O
N
9
= �̄ �µ⌫� N̄ �µ⌫N , O

N
10

= �̄ i�µ⌫�5� N̄ �µ⌫N ,

(44)

8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�-
cients introduced in Eq. (2): the first ones are the coe�cients in the expansion in terms of quark/gluon
level e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR
operators.
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5.1 E↵ective operators for fermion Dark Matter

At dimension six, the e↵ective operators one can construct with a Dirac neutral DM field
� and quark fields q are

O
q
1
= �̄� q̄q , O

q
2
= �̄ i�5� q̄q ,

O
q
3
= �̄� q̄ i�5q , O

q
4
= �̄ i�5� q̄ i�5q ,

O
q
5
= �̄�µ� q̄�µq , O

q
6
= �̄�µ�5� q̄�µq ,

O
q
7
= �̄�µ� q̄�µ�

5q , O
q
8
= �̄�µ�5� q̄�µ�

5q ,

O
q
9
= �̄ �µ⌫� q̄ �µ⌫q , O

q
10

= �̄ i�µ⌫�5� q̄ �µ⌫q ,

(39)

where we do not take into account here flavor-violating interactions. Notice that the oper-
ators

�̄ �µ⌫� q̄ i�µ⌫�
5q , �̄ i�µ⌫�5� q̄ i�µ⌫�

5q (40)

are equal to O
q
10

and �O
q
9
, respectively, by virtue of the identity i �µ⌫�5 = �1

2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
Gauge-invariant interaction operators with gluons arise at dimension seven, and are

O
g
1
=

↵s

12⇡
�̄�Ga

µ⌫G
a
µ⌫ , O

g
2
=

↵s

12⇡
�̄ i�5�Ga

µ⌫G
a
µ⌫ ,

O
g
3
=

↵s

8⇡
�̄�Ga

µ⌫G̃
a
µ⌫ , O

g
4
=

↵s

8⇡
�̄ i�5�Ga

µ⌫G̃
a
µ⌫ ,

(41)

where G̃a
µ⌫ ⌘ "µ⌫⇢�Ga

⇢�, and the numerical overall factors have been chosen for later conve-
nience.

The e↵ective Lagrangian at the quark-gluon level is

Le↵ =
10X

k=1

X

q

cqkO
q
k +

4X

k=1

cgkO
g
k , (42)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in Appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level

Le↵ =
10X

k=1

X

N=p,n

cNk O
N
k , (43)

where the O
N
k (N = p, n) are

O
N
1
= �̄� N̄N , O

N
2
= �̄ i�5� N̄N ,

O
N
3
= �̄� N̄ i�5N , O

N
4
= �̄ i�5� N̄ i�5N ,

O
N
5
= �̄�µ� N̄�µN , O

N
6
= �̄�µ�5� N̄�µN ,

O
N
7
= �̄�µ� N̄�µ�

5N , O
N
8
= �̄�µ�5� N̄�µ�

5N ,

O
N
9
= �̄ �µ⌫� N̄ �µ⌫N , O

N
10

= �̄ i�µ⌫�5� N̄ �µ⌫N ,

(44)

8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�-
cients introduced in Eq. (2): the first ones are the coe�cients in the expansion in terms of quark/gluon
level e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR
operators.
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Effective Operator: O7

5.1 E↵ective operators for fermion Dark Matter

At dimension six, the e↵ective operators one can construct with a Dirac neutral DM field
� and quark fields q are

O
q
1
= �̄� q̄q , O

q
2
= �̄ i�5� q̄q ,

O
q
3
= �̄� q̄ i�5q , O

q
4
= �̄ i�5� q̄ i�5q ,

O
q
5
= �̄�µ� q̄�µq , O

q
6
= �̄�µ�5� q̄�µq ,

O
q
7
= �̄�µ� q̄�µ�

5q , O
q
8
= �̄�µ�5� q̄�µ�

5q ,

O
q
9
= �̄ �µ⌫� q̄ �µ⌫q , O

q
10

= �̄ i�µ⌫�5� q̄ �µ⌫q ,

(39)

where we do not take into account here flavor-violating interactions. Notice that the oper-
ators

�̄ �µ⌫� q̄ i�µ⌫�
5q , �̄ i�µ⌫�5� q̄ i�µ⌫�

5q (40)

are equal to O
q
10

and �O
q
9
, respectively, by virtue of the identity i �µ⌫�5 = �1

2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
Gauge-invariant interaction operators with gluons arise at dimension seven, and are

O
g
1
=

↵s

12⇡
�̄�Ga

µ⌫G
a
µ⌫ , O

g
2
=

↵s

12⇡
�̄ i�5�Ga

µ⌫G
a
µ⌫ ,

O
g
3
=

↵s

8⇡
�̄�Ga

µ⌫G̃
a
µ⌫ , O

g
4
=

↵s

8⇡
�̄ i�5�Ga

µ⌫G̃
a
µ⌫ ,

(41)

where G̃a
µ⌫ ⌘ "µ⌫⇢�Ga

⇢�, and the numerical overall factors have been chosen for later conve-
nience.

The e↵ective Lagrangian at the quark-gluon level is

Le↵ =
10X

k=1

X

q

cqkO
q
k +

4X

k=1

cgkO
g
k , (42)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in Appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level

Le↵ =
10X

k=1

X

N=p,n

cNk O
N
k , (43)

where the O
N
k (N = p, n) are

O
N
1
= �̄� N̄N , O

N
2
= �̄ i�5� N̄N ,

O
N
3
= �̄� N̄ i�5N , O

N
4
= �̄ i�5� N̄ i�5N ,

O
N
5
= �̄�µ� N̄�µN , O

N
6
= �̄�µ�5� N̄�µN ,

O
N
7
= �̄�µ� N̄�µ�

5N , O
N
8
= �̄�µ�5� N̄�µ�

5N ,

O
N
9
= �̄ �µ⌫� N̄ �µ⌫N , O

N
10

= �̄ i�µ⌫�5� N̄ �µ⌫N ,

(44)

8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�-
cients introduced in Eq. (2): the first ones are the coe�cients in the expansion in terms of quark/gluon
level e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR
operators.
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Effective Operator: O8

5.1 E↵ective operators for fermion Dark Matter

At dimension six, the e↵ective operators one can construct with a Dirac neutral DM field
� and quark fields q are

O
q
1
= �̄� q̄q , O

q
2
= �̄ i�5� q̄q ,

O
q
3
= �̄� q̄ i�5q , O

q
4
= �̄ i�5� q̄ i�5q ,

O
q
5
= �̄�µ� q̄�µq , O

q
6
= �̄�µ�5� q̄�µq ,

O
q
7
= �̄�µ� q̄�µ�

5q , O
q
8
= �̄�µ�5� q̄�µ�

5q ,

O
q
9
= �̄ �µ⌫� q̄ �µ⌫q , O

q
10

= �̄ i�µ⌫�5� q̄ �µ⌫q ,

(39)

where we do not take into account here flavor-violating interactions. Notice that the oper-
ators

�̄ �µ⌫� q̄ i�µ⌫�
5q , �̄ i�µ⌫�5� q̄ i�µ⌫�

5q (40)

are equal to O
q
10

and �O
q
9
, respectively, by virtue of the identity i �µ⌫�5 = �1

2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
Gauge-invariant interaction operators with gluons arise at dimension seven, and are

O
g
1
=

↵s

12⇡
�̄�Ga

µ⌫G
a
µ⌫ , O

g
2
=

↵s

12⇡
�̄ i�5�Ga

µ⌫G
a
µ⌫ ,

O
g
3
=

↵s

8⇡
�̄�Ga

µ⌫G̃
a
µ⌫ , O

g
4
=

↵s

8⇡
�̄ i�5�Ga

µ⌫G̃
a
µ⌫ ,

(41)

where G̃a
µ⌫ ⌘ "µ⌫⇢�Ga

⇢�, and the numerical overall factors have been chosen for later conve-
nience.

The e↵ective Lagrangian at the quark-gluon level is

Le↵ =
10X

k=1

X

q

cqkO
q
k +

4X

k=1

cgkO
g
k , (42)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in Appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level

Le↵ =
10X

k=1

X

N=p,n

cNk O
N
k , (43)

where the O
N
k (N = p, n) are

O
N
1
= �̄� N̄N , O

N
2
= �̄ i�5� N̄N ,

O
N
3
= �̄� N̄ i�5N , O

N
4
= �̄ i�5� N̄ i�5N ,

O
N
5
= �̄�µ� N̄�µN , O

N
6
= �̄�µ�5� N̄�µN ,

O
N
7
= �̄�µ� N̄�µ�

5N , O
N
8
= �̄�µ�5� N̄�µ�

5N ,

O
N
9
= �̄ �µ⌫� N̄ �µ⌫N , O

N
10

= �̄ i�µ⌫�5� N̄ �µ⌫N ,

(44)

8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�-
cients introduced in Eq. (2): the first ones are the coe�cients in the expansion in terms of quark/gluon
level e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR
operators.
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Interested in the limits from all possible  
non-relativistic DM-nucleus elastic collisions?
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➡ In UV Models several HE operators are generated                 
with Wilson coefficients related in a non-trivial way
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III PART  
Connect DM model to the nuclear energy scale
"You can hide but you have to run: Direct detection with vector mediator" 

F. D’Eramo, B. J. Kavanagh, PP,  JHEP 1608 (2016) 111,  [arXiv:1605.04917]
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Should we worry about loop corrections 
in a pre-discovery era?

DM-nucleus collisions 
only sensitive to light degrees of 
freedom (light quarks & gluons) 
particularly sensitive to the Lorentz 
structure of the HE operators

RGE Effects 
change the size of the Wilson 
coefficient of the HE operators 
generate operator mixing           
at low energy 
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Vector Mediators
Simplified Model

L = LSM + LDM + LV + Jµ
DM Vµ + Jµ

SM Vµ

Frandsen, Kahlhoefer, Preston, Sarkar, K. Schmidt-Hoberg, JHEP07 (2012), arXiv:1204.3839

Buchmueller, Dolan, McCabe, JHEP01 (2014), arXiv:1308.6799

Alves, Profumo, Queiroz, JHEP04 (2014), arXiv:1312.5281
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Compact and powerful 
tool to explore LHC 
phenomenology and 

complementarity among 
DM searches
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among DM searches

SIMPLIFIED MODEL
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Vector Mediators
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Both scalar DM (complex) and 
fermion DM (Dirac or Majorana) 
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SIMPLIFIED MODEL

Kinetic term for the spin 1 massive mediator

We do not consider mass and kinetic mixing  
with the Z boson since they depend  

on the details of the UV theory

Vector Mediators
Simplified Model
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Mediator coupled with spin 1 DM currents
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Vector Mediators
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Mediator coupled with spin 1 currents of SM fermions
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EFT for DM 
interactions with 

quarks and gluons 
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Matching onto  
NR EFT

DM-nucleus collisions: deeply NR regime
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EFT for DM 
interactions with 

quarks and gluons 
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DM-nucleus collisions: deeply NR regime

STEP I:
integrate-out  
the mediator

STEP II:
connecting 
energy scale

straightforward for vector mediator

complete one loop RGE analysis 
for Spin 1 mediator can be found in 

F. D’Eramo, M. Procura, JHEP 1504 (2015), [arXiv:1411.3342] 
F. Bishara, J. Brod, B. Grinstein, J. Zupan, [arXiv:1809.03506] 
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RGE driven by Yukawa couplings alter the rate (mixing)
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RGE driven by Yukawa couplings alter the rate (mixing)
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RGE driven by Yukawa couplings alter the rate (mixing)

Mediator coupled FU with    
axial currents of quarks
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Interested in the RGE of the 15 gauge invariant 
couplings from high energy to low energy ?

https://github.com/bradkav/runDM/

Exhaustive study for other cases in JHEP 1608 (2016) 111,  [arXiv: 1605.04917] 
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See e.g. XENON1T [arXiv: 1902.03234]; LUX [arXiv: 1602.03489]; PICO-2L [arXiv: 1601.03729];  
ATLAS [arXiv: 1604.01306], etc…..
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where the O
N
k (N = p, n) are

O
N
1 = �̄� N̄N , O

N
2 = �̄ i�5� N̄N ,

O
N
3 = �̄� N̄ i�5N , O

N
4 = �̄ i�5� N̄ i�5N ,

O
N
5 = �̄�µ� N̄�µN , O

N
6 = �̄�µ�5� N̄�µN ,

O
N
7 = �̄�µ� N̄�µ�

5N , O
N
8 = �̄�µ�5� N̄�µ�

5N ,

O
N
9 = �̄ �µ⌫� N̄ �µ⌫N , O

N
10 = �̄ i�µ⌫�5� N̄ �µ⌫N ,

(5.6)

and we denoted with N the nucleon field. Notice that the gluon operators contribute to the
scalar operators ON

1
, ON

2
, ON

3
and O

N
4
. The couplings are

cN1,2 =
X

q=u,d,s

cq
1,2

mN

mq
f (N)

Tq +
2

27
f (N)

TG

0

@
X

q=c,b,t

cq
1,2

mN

mq
� cg

1,2mN

1

A , (5.7a)

cN3,4 =
X

q=u,d,s

mN

mq

h
(cq

3,4 � C3,4) + cg
3,4m̄

i
�(N)

q , (5.7b)

cp
5,6 = 2 cu5,6 + cd5,6 , cn5,6 = cu5,6 + 2 cd5,6 , (5.7c)

cN7,8 =
X

q

cq
7,8�

(N)

q , (5.7d)

cN9,10 =
X

q

cq
9,10 �

(N)

q , (5.7e)

where C3,4 ⌘
P

q c
q
3,4 m̄/mq with m̄ ⌘ (1/mu + 1/md + 1/ms)�1; the factors fTq, fTG, �

(N)

q

and �(N)

q are given in appendix B, to which the reader should refer for the derivation of the
equations (5.7) and where reference to the relevant literature is provided. For the quark
scalar couplings cq

1
to cq

4
it is usually assumed cqk / mq, as it would be the case for a DM-

quark interaction mediated by a higgs-like particle coupling to the quark masses (we will go
back to this point in section 6.1).

To compute the DM-nucleus amplitude, we have now to coherently sum up the interac-
tion amplitude over all nucleons in the nucleus, taking also into account the physics of the
bound state. The form factor formalism of [3] allows to make this for any type of interaction,
only we have first to evaluate the matrix elements outh�, N |ON

k |�, Niin and to express them
in terms of the non-relativistic operators O

NR

i introduced in eq. (2.1). To do so, we can
expand the solution of the Dirac equation in its non-relativistic limit: in the Weyl or chiral
representation for the spinors,

us(p) =

✓p
pµ�µ ⇠sp
pµ�̄µ ⇠s

◆
=

1p
2(p0 +m)

✓
(pµ�µ +m) ⇠s

(pµ�̄µ +m) ⇠s

◆

=
1p
4m

✓
(2m� ~p · ~�) ⇠s
(2m+ ~p · ~�) ⇠s

◆
+ O(~p 2)

(5.8)

where �µ = ( ,~�), �̄µ = ( ,�~�) and we approximated pµ = (m, ~p) + O(~p 2) in the non-
relativistic limit. In this limit we can study the velocity, momentum and spin dependence of
the fermion bilinears, when both fermions are on-shell. Up to and including the first order
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in the three-momenta,

ū(p0)u(p) ' 2m, (5.9a)

ū(p0)i �5u(p) ' 2i ~q · ~s , (5.9b)

ū(p0)�µu(p) '
✓

2m
~P + 2i ~q ⇥ ~s

◆
, (5.9c)

ū(p0)�µ�5u(p) '
✓
2~P · ~s
4m~s

◆
, (5.9d)

ū(p0)�µ⌫u(p) '
 

0 i ~q � 2~P ⇥ ~s

�i ~q + 2~P ⇥ ~s 4m "ijksk

!
, (5.9e)

ū(p0)i�µ⌫�5u(p) '
✓

0 �4m~s
4m~s i "ijkqk � 2Pisj + 2Pjsi

◆
, (5.9f)

where ~q = ~p� ~p 0 is the exchanged momentum, and ~P = ~p+ ~p 0. The spin operator is defined
as ~s ⌘ ⇠0† ~�

2
⇠, where in its absence a ⇠0†⇠ is understood.

Finally, when contracting fermionic DM and nucleon bilinears,9 the following expressions
can be derived for the (matrix elements of the) O

N
k , at leading order in the non-relativistic

expansion:
hON

1 i = hON
5 i = 4m�mNO

NR

1 ,

hON
2 i = �4mNO

NR

11 ,

hON
3 i = 4m�O

NR

10 ,

hON
4 i = 4ONR

6 ,

hON
6 i = 8m�

�
+mNO

NR

8 + O
NR

9

�
,

hON
7 i = 8mN

�
�m�O

NR

7 + O
NR

9

�
,

hON
8 i = �1

2
hON

9 i = �16m�mNO
NR

4 ,

hON
10i = 8

�
m�O

NR

11 �mNO
NR

10 � 4m�mNO
NR

12

�
.

(5.11)

Here we took ~q to be the momentum transferred by the DM to the nucleus. With these
substitutions, the e↵ective Lagrangian (5.5) gives origin to the nucleonic matrix element in
the form of eq. (2.2), and the results of section 2 can be applied straightforwardly.10

From eq. (5.11) one can now see clearly that O
N
1

and O
N
5

correspond to the same
non-relativistic operator, and so do O

N
8

and O
N
9
. They are therefore indistinguishable by

direct detection experiments alone. This also means that a bound computed on one of these
operators is identical to the bound computed on the other, a di↵erence arising only if di↵erent
coe�cients are chosen for the two in the Lagrangian. Furthermore, if a model features both
operators, strong cancellations or enhancements of the scattering cross section might arise

9The following expression can be useful in expressing the result as function of only ~q and ~v?:

~P�

m�
�

~PN

mN
= 2~v? , (5.10)

where ~P� (~PN ) is the sum of the initial and final DM (nucleon) momenta.
10Notice that, while in [3, 4] the matrix element is defined as inh. . . iout, we use outh. . . iin instead. For this

reason we expect to get a minus sign for each power of q occurring in the NR operators. However, we use an
opposite convention for ~q so that the final result will be the same.
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amplitude will then be a rotationally invariant function of these variables; invariance un-
der Galilean boosts is ensured by the fact that these vectors are by themselves invariant
under Galileo velocity transformations, and translational symmetry is also respected given
the absence of a reference frame/point in space. In this regard, a basis of 16 rotationally
invariant operators can be constructed with ⇣v, ⇣q, ⇣sN , and ⇣s� [5], which include all possible
spin configurations. The scattering amplitude can then be written as a linear combination
of these operators, with coe⌅cients that may depend on the momenta only through the q2

or v2 scalars (⇣q · ⇣v = �q2/2µN by energy conservation, with µN the DM-nucleon reduced
mass). Before introducing these NR operators, however, let us notice that, instead of ⇣v, the
variable ⇣v� ⇧ ⇣v+⇣q/2µN is somehow more suitable to write the amplitude. ⇣v� is Hermitian,
in a sense explained in Ref. [3], while ⇣v is not, and moreover one has ⇣v� · ⇣q = 0. Following
Ref. [3] we will therefore use, in the description of the NR operators, ⇣v� instead of ⇣v. The
NR operators considered in this work are

ONR
1 = ,

ONR
3 = i⇣sN · (⇣q ⇤ ⇣v�) , ONR

4 = ⇣s� · ⇣sN ,

ONR
5 = i⇣s� · (⇣q ⇤ ⇣v�) , ONR

6 = (⇣s� · ⇣q)(⇣sN · ⇣q) ,

ONR
7 = ⇣sN · ⇣v� , ONR

8 = ⇣s� · ⇣v� ,

ONR
9 = i⇣s� · (⇣sN ⇤ ⇣q) , ONR

10 = i⇣sN · ⇣q ,

ONR
11 = i⇣s� · ⇣q , ONR

12 = ⇣v� · (⇣s� ⇤ ⇣sN) .

(1)

As in [3], we do not consider the full set of independent operators (for instance, as apparent,
we do not consider the operator labeled ONR

2 in [3], nor those above the 12th); however,
as we will see in Sec. 5, the operators listed above are enough to describe the NR limit
of many of the relativistic operators often encountered in the literature. We obtained the
form factor for the operator ONR

12 from the authors of [3] (private communication / cite
a paper not out yet). •

Given a model for the interaction of DM with the fundamental particles of the SM, we
can build the non-relativistic e⇥ective Lagrangian describing DM-nucleon interactions as
follows. Starting from the fundamental Lagrangian, the matrix element for a scattering
process at the nucleon level 1 can be expressed as a linear combination of the operators (1):

MN =
12�

i=1

cN
i (�, m�) ONR

i . (2)

The coe⌅cients cN
i , where N = p, n can be proton or neutron, are function of the parameters

of the model, such as couplings, mediator masses and mixing angles, (collectively denoted)
�, the DM mass m� and the nucleon mass mN . For example, if the scattering between
a fermonic DM ⇤ and the nucleon N is described by the (high-energy) scalar operator
gN/�2 ⇤̄⇤ N̄N , the only non-relativistic operator involved is ONR

1 , and its coe⌅cient is
cN
1 = 4 gNm�mN/�2. The general way to determine the coe⌅cients entering the matrix

element (2), starting from high-energy e⇥ective operators, is described explicitly in Sec. 5.
As anticipated above, the cN

i can in principle also depend on the exchanged momentum
squared q2; in this case we factorize the momentum dependence outside of the coe⌅cients

1Note that this quantity coincides with what is denoted as a Lagrangian L in [3,4], e.g. in eq. (55) of [3].

6
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Figure 7: Bounds on individual contact e↵ective operators, all at 90% CL.
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Higgs-like couplings

5.1 E↵ective operators for fermion Dark Matter

At dimension six, the e↵ective operators one can construct with a Dirac neutral DM field
� and quark fields q are

O
q
1
= �̄� q̄q , O

q
2
= �̄ i�5� q̄q ,

O
q
3
= �̄� q̄ i�5q , O

q
4
= �̄ i�5� q̄ i�5q ,

O
q
5
= �̄�µ� q̄�µq , O

q
6
= �̄�µ�5� q̄�µq ,

O
q
7
= �̄�µ� q̄�µ�

5q , O
q
8
= �̄�µ�5� q̄�µ�

5q ,

O
q
9
= �̄ �µ⌫� q̄ �µ⌫q , O

q
10

= �̄ i�µ⌫�5� q̄ �µ⌫q ,

(39)

where we do not take into account here flavor-violating interactions. Notice that the oper-
ators

�̄ �µ⌫� q̄ i�µ⌫�
5q , �̄ i�µ⌫�5� q̄ i�µ⌫�

5q (40)

are equal to O
q
10

and �O
q
9
, respectively, by virtue of the identity i �µ⌫�5 = �1

2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
Gauge-invariant interaction operators with gluons arise at dimension seven, and are

O
g
1
=

↵s

12⇡
�̄�Ga

µ⌫G
a
µ⌫ , O

g
2
=

↵s

12⇡
�̄ i�5�Ga

µ⌫G
a
µ⌫ ,

O
g
3
=

↵s

8⇡
�̄�Ga

µ⌫G̃
a
µ⌫ , O

g
4
=

↵s

8⇡
�̄ i�5�Ga

µ⌫G̃
a
µ⌫ ,

(41)

where G̃a
µ⌫ ⌘ "µ⌫⇢�Ga

⇢�, and the numerical overall factors have been chosen for later conve-
nience.

The e↵ective Lagrangian at the quark-gluon level is

Le↵ =
10X

k=1

X

q

cqkO
q
k +

4X

k=1

cgkO
g
k , (42)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in Appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level

Le↵ =
10X

k=1

X

N=p,n

cNk O
N
k , (43)

where the O
N
k (N = p, n) are

O
N
1
= �̄� N̄N , O

N
2
= �̄ i�5� N̄N ,

O
N
3
= �̄� N̄ i�5N , O

N
4
= �̄ i�5� N̄ i�5N ,

O
N
5
= �̄�µ� N̄�µN , O

N
6
= �̄�µ�5� N̄�µN ,

O
N
7
= �̄�µ� N̄�µ�

5N , O
N
8
= �̄�µ�5� N̄�µ�

5N ,

O
N
9
= �̄ �µ⌫� N̄ �µ⌫N , O

N
10

= �̄ i�µ⌫�5� N̄ �µ⌫N ,

(44)

8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�-
cients introduced in Eq. (2): the first ones are the coe�cients in the expansion in terms of quark/gluon
level e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR
operators.
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