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DM Direct Detection experiments

WIMP DM

Nucleus

Recoil energy

Detect recoil energy of DM-nucleus scattering.

Experimental sensitivity has been significantly improving.
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XENON Collaboration, arXiv: 1805.12562.

Ranny Budnik’s talk.



Theory side
On the theoretical side, we calculate

DM-nucleon scattering cross section

Nucleon matrix elements.

Challenges

Appropriate treatment for perturbation.

Effective theoretical approach.
Separation of short/long-distance effects.
Renormalization group equations (RGEs).

NREFT: Bradley J Kavanagh’s talk.



Nucleon matrix elements
Nucleon matrix elements of quark scalar operators are defined by

Mass fractions

(mN : nucleon mass)

We extract these values from

⟨N |mq q̄q |N⟩/mN ≡ fTq

ΣπN ≡
1
2

(mu + md)⟨N | ūu + d̄d |N⟩

σs ≡ ⟨N |ms s̄s |N⟩

Cf.)

Lattice simulation
Chiral perturbation
Low-energy πN scattering

etc.

σ0 =
1
2

(mu + md)⟨N | ūu + d̄d − 2s̄s |N⟩

Yields large uncertainty.



Recent computations

J. Ellis, N. Nagata, K. A. Olive, arXiv: 1805.09795.

ΣπN = 46 ± 11 MeV σs = 35 ± 16 MeV



Heavy quark/gluon contribution
Heavy quark/gluon contributions are evaluated with
Trace anomaly of the energy-momentum tensor

mN ⟨N |GA
μνGAμν |N⟩ mN fTq

At leading order
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Remarks. Perturbative QCD corrections

𝒪(α3
s ) corrections available.

e.g.) L. Vecchi, arXiv: 1312.5695.



Our compilation for mass fractions
Three quarks Six quarks

J. Ellis, N. Nagata, K. A. Olive, arXiv: 1805.09795.
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Singlet real scalar DM

DM DM

h

N N

λSH

λsH is taken so that DM abundance
agrees to the observed value.

Uncertainty from nucleon matrix elements
reduced to O(10)% level.



Where are the WIMPs?
Felix Kahlhoefer    |    25 June 2018

23

The status of scalar singlet DM

● Slight tension (~ 1σ) with the most recent direct detection experiments

● Final verdict possible with next generation of detectors

Excluding points with metastable vacua or low scale of non-perturbativity

Singlet real scalar DM

Felix Kahlhoefer’s talk.

In good agreement with the GAMBIT result. 

GAMBIT



Perturbative calculation
To perform perturbative calculation at O(10)% accuracy

RGE/threshold corrections in QCD

Effective theoretical approach.
Separation of short/long-distance effects.

Electroweak-loop corrections

Can be important when

DM has electroweak charge.
Tree-level contribution is suppressed.

Wino in MSSM, Minimal DM, etc.



Colored mediators
Tree-level matching

χ̃
0

χ̃
0

q q

q̃

=

χ̃
0

χ̃
0

qq

One-loop matching

=

χ̃
0

χ̃
0

q̃

g

q

g

q

Only the short-distance contribution included into Wilson coefficients.

Operators are evolved according to RGEs.

O(10)% improvement.
Important especially when mediators are heavy.

J. Hisano, R. Nagai, N. Nagata, JHEP 1505, 037 (2015).
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Comparable to the 
1-loop contributions 

Non-decoupling effects

Electroweak loop corrections

J. Hisano, S. Matsumoto, M. Nojiri, O. Saito (2005)

J. Hisano, K. Ishiwata, N. Nagata, Phys. Lett. B690, 311 (2010)

(n = 3, Y = 0)
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J. Hisano, K. Ishiwata, N. Nagata, JHEP 1506, 097 (2015).

NLO results

Error was large due to cancellation among various contributions.

With NLO QCD corrections included, uncertainty reduced to 
O(10)% level.
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J. Hisano, K. Ishiwata, N. Nagata, JHEP 1506, 097 (2015).

NLO results

Triplet and quintuplet cases can be probed.
Doublet case is below the neutrino floor.



Conclusion

• Direct DM searches are proceeding apace.

• To make the most of these experiments, theoretical 
uncertainties should be minimized. 

• Uncertainties in nucleon matrix elements are 
controlled within O(10)% level.

• Higher-loop corrections can be important. 



Backup



Table 1: Estimates of ⌃⇡N and �s.

Reference ⌃⇡N Uncertainties �s Uncertainties Method

[22] 50 7 191 135 Compilation

[33] 58 9 43 8 Compilation

[36] 53 2+21
�7 21.7 +15.1

�13.4 Lattice

[37] 59 7 B�PT, ⇡ atoms

[38] 31 3± 4 71 34± 59 Lattice

[39] 38 12 12 +23
�16 Lattice

[40] 40.9 7.5± 4.7 Lattice

59.6 5.1± 6.9 Lattice

[41] 45 6 21 6 Lattice

[42] 37 8± 6 Lattice

[43] 8.4 14.1± 15.0 Lattice

21.6 27.2± 26.3 Lattice

[11] 16 80± 60 B�PT

[44] 43 1± 6 126 24± 54 Lattice/B�PT

[45] 43.2 10.3 Lattice

[46] 44 12 ⇡N scattering

[47] 45 6 ⇡N scattering

[48] 49 10± 15 Lattice

[49] 32.8 31.0 Lattice

[50] 52 3± 8 Lattice/B�PT

41 5± 4 Lattice/B�PT

[51] 33.3 6.2 Lattice/B�PT

[52] 27 27± 4 Lattice/B�PT

[53] 59.1 1.9± 3 ⇡ atoms

[54] 38 3± 3 105 41± 37 Lattice

[55] 45.9 7.4± 2.8 40.2 11.7± 3.5 Lattice

[56] 37.2 2.6+4.7
�2.9 41.1 8.2+7.8

�5.8 Lattice

[26] 35 6.1 34.7 12.2 Lattice

[57] 8.5 4.4± 86.6 ⇡ atoms, ⇡N scattering

144.7 4.6± 45.9 ⇡ atoms, ⇡N scattering

[58] 35.2 5.5 30.5 8.5 B�PT

[59] 64.9 1.5± 13.2 Lattice/B�PT

[60] 58 5 ⇡N scattering

[61] 50.3 1.2± 3.4 Lattice/B�PT

[62] 48 38 15 Lattice/B�PT

[63] 69 10 B�PT

This work 46 11 35 16 New compilation

Estimates of ⌃⇡N and �s (in MeV units). The first two lines are from previous compilations.

The following lines are from recent determinations and, where two errors are quoted, the

first is statistical and the second systematic. As indicated, most of the determinations are

based on lattice calculations, many use baryon chiral perturbation theory (B�PT), three use

data on pionic atoms (⇡ atoms) and five use low-energy ⇡N scattering data. The last line

is our new compilation.

ridge top that is broader than the rescaled distribution (23) 4. The rescaled value is

4This feature may reflect the existence of unidentified systematic uncertainties that a↵ect di↵erent

10

Recent computations

J. Ellis, N. Nagata, K. A. Olive, arXiv: 1805.09795.



PDG method
We use the method adopted by PDG to obtain average and error.

Wighted average and error

x̄ + δx̄ =
∑i wixi

∑i wi
± ( χ2

(N − 1)∑i wi )
1/2

with weights defined by wi = 1/(δxi)2 and χ2

χ2 = ∑
i

wi(xi − x̄)2

Ideogram

I(x) = ∑
i

1

2πδx2
i

exp[−
(x − xi)2

2δx2
i ]

Sum of Gaussians with a central value xi, error δxi, and area
proportional to 1/δxi. 



Ideogram: ΣπN

PDG method Ours

ΣπN = 46 ± 11 MeVΣπN = 46.1 ± 2.2 MeV

J. Ellis, N. Nagata, K. A. Olive, arXiv: 1805.09795.



Ideogram: σs

J. Ellis, N. Nagata, K. A. Olive, arXiv: 1805.09795.

PDG method Ours

σs = 35 ± 16 MeVσs = 35.2 ± 3.1 MeV



Correlation between ΣπN and σs
Scatter plot 2-D ideogram
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No significant correlation.

J. Ellis, N. Nagata, K. A. Olive, arXiv: 1805.09795.



Direct evaluation of σc
Results

Gaussians G, with arbitrary normalizations and the following central values and errors: the

maximum:

Gaussian representation : �c = G(40 MeV, 12 MeV) +G(82 MeV, 25 MeV) . (30)

This representation is also shown in Fig. 9, and gives a very good representation of the

estimates in Table 2.

Figure 8: Calculations of �c (in MeV units). Those made using the lattice are indicated in

red, and one relying on phenomenological inputs is indicated in green. We also show the

O(↵3
s) perturbative calculation (33) (bottom line and vertical grey band).

Table 2: Estimates of �c.

Reference �c Uncertainties Method

[44] 71.7 34.6 Lattice

21.8 47.4 Lattice

[55] 88.2 29.1 Lattice

[60] 79 21+12
�8 Lattice

[62] 39.3 10.3 Phenomenology

[68] 4.3 4.4 Phenomenology

12.5 13 Phenomenology

32.3 33.6 Phenomenology

Calculations of �c (in MeV units). Where two errors are quoted, the first is statistical

and the second systematic. As indicated, most of the determinations are based on lattice

calculations. The last group of three phenomenological estimates are not included in our

global fit.

Using the four-quark expression (7) and the first Gaussian for �c in (30), we find �p
SI =

(1.07± 0.15)⇥ 10�9 pb, whereas the second Gaussian in (30) yields �p
SI = (1.40± 0.25)⇥

16

Scatter plot

J. Ellis, N. Nagata, K. A. Olive, arXiv: 1805.09795.

Errors are much larger than that obtained from pQCD.



Singlet real scalar DM
Lagrangian

<latexit sha1_base64="1fg4PAuyzzWqZAm5G2kkRwPEEqk="></latexit>

The DM phenomenology is governed by two parameters:

mDM λSH

If you require its thermal relic abundance to agree with the
observed DM density, only one free parameter remains.

Observation



The simple DM model has been constrained stringently.

Singlet real scalar DM



RGE effects
Effective coupling SI cross section

scalar

twist-2 Hwê RGEL
twist-2 Hwêo RGEL
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O(10)% effects.

J. Hisano, R. Nagai, N. Nagata, JHEP 1505, 037 (2015).
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• Cancellation among the contributions.
• Resultant scattering cross sections are found to be 

quite suppressed.
J. Hisano, K. Ishiwata, N. Nagata, Phys. Lett. B690, 311 (2010)

LO results (n = 3, Y = 0)



Cancellation results in a large uncertainty.

SpN, S0

SpNlat, Sslat

100 120 140 160 180 200
10-49

10-48

10-47

10-46

mhHGeVL

s
Hcm

2 L

Perturbative QCD
Nucleon matrix

• Uncertainty mainly comes from perturbative QCD
• Need for NLO computation !

R. J. Hill and M. P. Solon (2011)

Uncertainty



NLO calculation
Diagrams

Table 3: Number of loops in diagrams relevant to the O(↵s/⇡) calculation for each oper-
ator. We also show where we neglect the third generation contribution at the NLO. Here
“�” means that there is no contribution or the contribution vanishes.

Operators Higgs Box

Parton Type LO NLO LO NLO

Quark Scalar Cq
S 1-loop 2-loop - 2-loop

(1st&2nd) Twist-2 Cq
T1,2

- - 1-loop 2-loop

Quark Scalar Cb
S 1-loop 2-loop 1-loop 2-loop (neglected)

(b-quark) Twist-2 Cb
T1,2

- - 1-loop 2-loop (neglected)

Gluon Scalar CG
S 2-loop 3-loop 2-loop 3-loop

(1st & 2nd) Twist-2 CG
T1,2

- - - 2-loop

Gluon Scalar CG
S 2-loop 3-loop 2-loop 3-loop (3rd gen. neglected)

(3rd) Twist-2 CG
T1,2

- - - 2-loop (3rd gen. neglected)

currents, as described in Refs. [27,28]. For the scalar operators, the NLO contribution to
the OPEs of the correlation functions of vector and axial-vector currents is evaluated in
Ref. [41] in the degenerate quark mass limit for each generation. The results are directly
applicable to the contribution of the first two generations in our calculation since all of the
quarks of the generations may be regarded as massless. Concerning the third generation
contribution, the mass di↵erence between top and bottom quarks is significant, and thus
the mere use of the results in Ref. [41] is not justified. Their contribution is, however,
found to be small compared with those of the first two generations. In our calculation, we
neglect the NLO contribution of the third generation, and take into account the e↵ects as
a theoretical uncertainty. The Wilson coe�cients of the twist-2 operators are evaluated
in Ref. [42] to O(↵s/⇡) in the massless limit. It is again not possible to use the results
for the contribution of the third generation, and thus we will drop the contribution and
estimate the e↵ects as a theoretical uncertainty. By evaluating theW boson loop diagrams
with this correlation function, we then obtain the Wilson coe�cients of the operators in
Eq. (2.2).

As a result, Cq
S, C

i
T1
, and C i

T2
are computed at the two-loop level, while CG

S is evaluated
at the three-loop level. In Table 3, we summarize the number of loops in diagrams relevant
to the NLO calculation for each contribution. They complete the NLO matching condition
for each Wilson coe�cient at the electroweak scale µW . In addition, we show in the table
where we ignore the third generation contribution. As we will see below, the e↵ect of
dropping the NLO third-generation contribution is actually negligible.

7

# of loops

OPEs of current-current correlators

ELSEVIER 

9 June 1994 

Physics Letters B 329 (1994) 103-110 
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Two-loop gluon-condensate contributions to heavy-quark current 
correlators: exact results and approximations * 

D.J. B r o a d h u r s t  a'l , E A .  B a i k o v  b'2, V.A.  I l y i n  b'3, J. F l e i s c h e r  c'4, O.V.  T a r a s o v  c,5, 
V.A.  Smirnov d,6 

a Physics Department, Open University, Milton Keynes, MK7 6AA, UK 
b Nuclear Physics Institute of Moscow State University, 119 899 Moscow, Russia 

c Fakultiitfiir Physik, Universitgit Bielefeld, D-33615 Bielefeld 1, Germany 
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Abstract 
The coefficient functions of the gluon condensate /G2), in the correlators of heavy-quark vector, axial, scalar and 

pseudoscalar currents, are obtained analytically, to two loops, for all values of z = q2/4m2. In the limiting cases z --+ 0, 
z --+ 1, and z ---+ -c~ ,  comparisons are made with previous partial results. Approximation methods, based on these limiting 
cases, are critically assessed, with a view to three-loop work. High accuracy is achieved using a few moments as input. 
A single moment, combined with only the leading threshold and asymptotic behaviours, gives the two-loop corrections to 
better than 1% in the next 10 moments. A two-loop fit to vector data yields (~G 2) ~ 0.021 GeV 4. 

1. Introduction 

Whilst considerable progress on multi-loop diagrams was made between the AI-HENP 92 [ 1 ] and AI-HENP 
93 [2] workshops, there is still a pressing need for methods that exploit hard-won analytical results by efficient 
techniques of  numerical approximation. Progress in this direction was made, independently, in [3] and [4] ,  

* Collaboration supported in part by 1NTAS grant 93 1180. 
I D.Broadhurst @open.ac.uk. 
2 Baikov @ theory.npi.msu.su. 
3 llyin@theory.npi.msu.su; supported in part by RFFR grant N 93-02-14428. 
4 Fleischer @ physik.uni-bielefeld.de. 
5 oleg@physik.uni-bielefeld.de; supported by BMFI" and RFFR grant N 93-02-14428; on leave of absence from JINR, 141 980 Dubna, 
Russia. 
6 vls@dmumpiwh.bitnet; supported by the Humboldt Foundation; on leave of absence from NPI, Moscow State University, 119 899 
Moscow, Russia. 

0370-2693/94/$07.00 (~) 1994 Elsevier Science B.V. All fights reserved 
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3rd gen. contribution
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Wino\like(DM( Tree\level�

Effec6ve(coupling 

(Zij:(Neutralino(mixing(matrix) 

χ̃0

q

h0

χ̃0 χ̃0 χ̃0

h0

q
g

Q

g

CH
q =

g2
2

2mW m2
h

(Z12 � Z11 tan �W )(Z13 cos � � Z14 sin�)

CH
q � g2

2(M2 + µ sin 2�)
2m2

h(M2
2 � µ2)

Tree-level contribution

Effective coupling

Wino\like(DM( Tree\level�

Effec6ve(coupling 

(Zij:(Neutralino(mixing(matrix) 

χ̃0

q

h0

χ̃0 χ̃0 χ̃0

h0

q
g

Q

g

CH
q =

g2
2

2mW m2
h

(Z12 � Z11 tan �W )(Z13 cos � � Z14 sin�)

CH
q � g2

2(M2 + µ sin 2�)
2m2

h(M2
2 � µ2)

Wino\like(DM( Tree\level�

Effec6ve(coupling 

(Zij:(Neutralino(mixing(matrix) 

χ̃0

q

h0

χ̃0 χ̃0 χ̃0

h0

q
g

Q

g

CH
q =

g2
2

2mW m2
h

(Z12 � Z11 tan �W )(Z13 cos � � Z14 sin�)

CH
q � g2

2(M2 + µ sin 2�)
2m2

h(M2
2 � µ2)

(Zij: Neutralino mixing matrix)

Wino-like DM in high-scale SUSY
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J. Hisano, K. Ishiwata, N. Nagata, Phys. Rev. D87, 035020 (2013)

The loop contribution needs to be included when higgsino
is much heavier than wino.

Wino-like DM in high-scale SUSY


