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Dark Matter (DM)
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Weakly-Interacting Massive Particles (WIMPs)
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Thermal relic scenario (cold DM)
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Thermal relic scenario (cold DM)
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Quantum numbers of DM
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Quantum numbers of DM
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Singlet scalar DM e cbonald (1964)

C. P. Burgess, M. Pospelov, and T. ter Veldhuis (2001).
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Quantum numbers of DM
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Singlet fermion
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Quantum numbers of DM
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Electroweak-Interacting DM
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Electroweak-Interacting DM

Quantum numbers DM could DM mass mpy+ —mpym Finite naturalness ogr In

SU(2); U(l)y Spin| decayinto  in TeV in MeV bound in TeV 10746 cm?
2 1/2 0 FL 0.54 350 0.4 x VA (0.440.6) 1073
2 1/2  1/2 EH 1.1 341 1.9 x VA (0.25 £ 056) 103
3 0 0 HH* 2.0 = 2.5 166 0.22 x VA 0.12 +0.03
3 0 1/2 LH 2.4 — 2.7 166 1.0 x VA 0.12 +0.03
3 1 0 HH,LL 1.6 —? 540 0.22 x VA (1.3+£1.1)1072
3 1 1/2 LH 1.9 —7? 526 1.0 x VA (1.3+£1.1) 102
4 1/2 0 HHH* 2.4 — 7 353 0.14 x VA 0.27 £ 0.08
4 1/2 1/2 | (LHH) 2.4 —? 347 0.6 x VA 0.27 £ 0.08
4 3/2 0 HHH 2.9 — 7 729 0.14 x VA 0.15 + 0.07
4 3/2  1/2 (LHH) 2.6 —? 712 0.6 x VA 0.15 £ 0.07
5 0 0 |(HHH*H*) 5.0 — 9.4 166 0.10 x VA 1.0 +0.2

5 0 12| stable 44-10 = 166  04xvVA 10402

7 0 0 stable 8 — 25 166 0.06 x VA 441
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M. Farina, D. Pappadopulo, A. Strumia, JHEP 1308 (2013) 022.



Mass splitting
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SO m m e rfe I d Effe Cts J. Hisano, S. Matsumoto, and M. M. Nojiri, Phys. Rev. Lett. 92, 031303 (2004).
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Sommerfeld effects
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Anomaly mediation (Mini-split)

L. Randall and R. Sundrum (1998); G. F. Giudice, M. A. Luty, H. Murayama, R. Rattazzi (1998).
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Summary of Introduction
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Direct detection experiments
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DM Direct Detection experiments
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From 1985

PHYSICAL REVIEW D VOLUME 31, NUMBER 12 15 JUNE 1985

Detectability of certain dark-matter candidates

Mark W. Goodman and Edward Witten
Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544
(Received 7 January 1985)

We consider the possibility that the neutral-current neutrino detector recently proposed by
Drukier and Stodolsky could be used to detect some possible candidates for the dark matter in galac-
tic halos. This may be feasible if the galactic halos are made of particles with coherent weak in-
teractions and masses 1—10° GeV; particles with spin-dependent interactions of typical weak
strength and masses 1—10% GeV; or strongly interacting particles of masses 1—10"* GeV.

Possibility of detecting heavy neutral fermions in the Galaxy

Ira Wasserman
Center for Radiophysics and Space Research, Cornell University, Ithaca, New York 14853
(Received 22 May 1985; revised manuscript received 31 October 1985)

It is shown that heavy neutral fermions in the galactic halo could produce numerous detectable
low-energy events in a “thermal” neutrino detector if the heavy-fermion—nucleon vector coupling is
comparable in strength to the vector weak interaction. The conditions under which a detectable
event rate could arise for fermions with purely axial-vector couplings are also discussed. In a silicon
detector heavy-fermion events would be concentrated at low energies, and could be distinguished
from solar or supernova neutrino events, which are expected to have a flatter energy spectrum. A
measurement of the energy spectrum of heavy-fermion events could lead to a determination of the
fermion mass, subject to astrophysical uncertainties concerning the velocity distribution of halo par-
ticles.



DM-nucleon scattering
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DM-nucleon scattering
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Nucleon matrix elements
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Nucleon matrix elements (x1rs—ms 4+ —»mEx)
I A—T0DEFITHNERE UTIE, BFETEOEEEZRHAWS,

Mass fractions

(N|mqqq|N)/my = [, (mn: B FE=)

Proton Neutron
£20.019(5) | £57 0.013(3)
2 0.027(6) | £ 0.040(9)
£ 0.009(22) | £5 0.009(22)

JLQCD collaboration (2013)
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Nucleon matrix elements (x4 —ms),—>vmez)
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Nucleon matrix elements (x4 —ms),—>vmez)
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Singlet scalar DM
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Singlet scalar DM
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Singlet scalar DM
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Electroweak-Interacting DM
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LO diagrams

1-loop (quark)
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J. Hisano, K. Ishiwata, N. Nagata, Phys. Lett. B690, 311 (2010)



LO results (triplet)
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NLO result (triplet)
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J. Hisano, K. Ishiwata, N. Nagata, JHEP 1506, 097 (2015).




NLO results
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Higgsino-like DM
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Direct detection (Higgsino-bino case)
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Natural SUSY (light Higgsino)
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LHC search
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Lifetime
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Disappearing track search

FRIEA YD I RILF—HINESITESBHEICKD, AR
BREERICBITDERN TV IEREVWSFHERREESZEZA 5,

W /7 X~ =X T7 N\ AN Fal\)
Eqmiss 1% 'c’§ AW

== — o= = || =t == 7 Ny
CHDERICEHUTEERERZMERLILEET,
J. L. Feng, T. Moroi, L. Randall, M. Strassler, S. F. Su (1999);
M. Ibe, T. Moroi, T. T. Yanagida (2006), etc...

aSav Al ] J Initial State Radiation (ISR) Role of ISR
P . KU H—
X Large Eq™iss - RZETJ—AK
o \ % Single jet
P AN Disappearing track



Improvement from Run-1 @ ATLAS
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r‘ R=1082mm

TRT <

New!!

Insertable B-layer (IBL)

L R =554mm
r R=514mm
{ R =443mm
SCT
R=371mm

L R =299mm

HERZ YV IERDSEE
Run-1: 3 pixel + 1 SCT hits
. PIX ! 30cm - 12 cm

Run-2: 4 pixel hits




Results
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Shorter di

isappearing tracks
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Two-hit strategy
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Indirect search
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Indirect search
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Electroweak-Interacting DM

Quantum numbers DM could DM mass mpy+ —mpym Finite naturalness ogr In
SU(2);, U(l)y Spin| decayinto  in TeV in MeV bound in TeV 10746 cm?
2 1/2 0 EL 0.54 350 0.4 x VA (0.440.6) 1073
2 1/2  1/2 EH 1.1 341 1.9 x VA (0.25 £ 056) 103
3 0 0 HH* 2.0 — 2.5 166 0.22 x VA 0.12 £ 0.03
3 0 1/2 LH 2.4 166 1.0 x VA 0.12 £ 0.03
3 1 0 HH,LL 1.6 540 0.22 x VA (1.34+1.1) 1072
3 1 1/2 LH 1.9 526 1.0 x VA (1.34+1.1)1072
4 1/2 0 HHH* 2.4 353 0.14 x VA 0.27 £ 0.08
4 1/2 1/2 | (LHH) 2.4 347 0.6 x VA 0.27 £ 0.08
4 3/2 0 HHH 2.9 0.14 x VA 0.15 £ 0.07
4 3/2  1/2 (LHH) 2.6 712 0.6 x VA 0.15 £ 0.07
5 0 0 |(HHH*H*) 5.0 =91 166 0.10 x VA 1.0 +0.2
7 0 0 “swables 8 25 166 0.06 /A 441
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L. Di Luzio, R. Grober, J. F. Kamenik, M. Nardecchia, JHEP 1507 (2015) 074.




Scalar septet DM is unstable
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L. Di Luzio, R. Grober, J. F. Kamenik, M. Nardecchia, JHEP 1507 (2015) 074.



Method of effective theories

COETEZERBENDODRMBWICITD I,
BEFwD A

N/

WS,

BB ETA—T - JI—A Y EDHEEERITERTT
%? J:’)T%Eén%)o

FEMEIFRAYIEEE TR WTLK BHHATEH, RAEVITIRFLRWL
MEERE WS RIBEHRMNT CIChh B,

BIRY7R R & 2 RIFRIIC T RETE o

I|n1

: H

i

m
m

FHQCDDIMR & FFE

. 1B



Method of effective theories
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Method of effective theories
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Effective Lagrangian
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Effective Lagrangian
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Effective Lagrangian
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Nucleon matrix elements (twist-2 #)

Twist-2AVEE FORKFITIERIL, /\— & >V mEZL(PDF)
ZZFHWTK$D B,
1 1

(NDIOLIND)) = —— (pups = mbygu ) (a2 1) + (2 1))

N 4
(N (p)|O3,IN(p)) =

1 1,
T (p,upl/ _ _mNg,uu)g(23 ,LL) .
Tm N

4
T, q(2), g(2) IF PDFDsecond moment & X 5,

1 g(2)  0.464(2)

Q(Q”‘):/O dv T q(z,p) w(2) 0.223(3) | @(2) 0.036(2)

202 1) = /1 dr o q(o ) | d(2) 0.118(3) | d(2) 0.037(3)
0. s(2)  0.0258(4) | 5(2) 0.0258(4)

0(2: 1) = / dr  g(z, 1) | (2) 00187(2) | 2(2)  0.0187(2)
’ b(2) 0.0117(1) | b(2) 0.0117(1)

CJ12, CTEQ-Jefferson Lab collaboration.



Effective coupling of Majorana DM with nucleon

Leg = —fNZOXONN

with
fN/mN — Z Cq ,uhad) (N) 907: S(,Uhad) j(ﬂ]é)
q=u,d,s i
3
49 S‘ > ChWla2m) +a2Zw)+5 Y CF (W2 n)

g i=1,2 i=1,2

The scalar-type gluon contribution turns out to be
comparable to the quark contributions even though
it is induced at higher loop-level.



Majorana DM-nucleus scattering cross section
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Dark matter direct detection experiments
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NLO calculation

Diagrams # of loops
X qa X g
Operators Higgs Box
Parton Type LO NLO LO NLO
h h
e e Quark Scalar Cg 1-loop 2-loop - 2-loop
(Ist&2nd)  Twist-2 CFf | - - 1-loop 2-loop
Quark Scalar C§ 1-loop 2-loop | 1-loop 2-loop (neglected)
X X g
4 (b-quark) Twist-2 03}172 - - 1-loop 2-loop (neglected)
X 7 X 9 Gluon Scalar C§ 2-loop 3-loop | 2-loop 3-loop
W W (Ist & 2nd) Twist-2 0%72 - - - 2-loop
Gluon Scalar C§ 2-loop 3-loop | 2-loop 3-loop (3rd gen. neglected)
(3rd) Twist-2 C%,2 - - - 2-loop (3rd gen. neglected)
x ¢ X 9 3rd gen. contribution
03 T T T I I
OPEs of current-current correlators Sl Gen ()
1\ P\ mE e
0.25 L gT,(W,T)/g7,(W,0) — - — -
H 9 June 1994 —— Ibtm(W,T)/gB1(W)
5@ PHYSICS LETTERS B 0.2 - 7
ELSEVIER Physics Letters B 329 (1994) 103-110 7 015 i 1
0.1 - T -
Two-loop gluon-condensate contributions to heavy-quark current 7
correlators: exact results and approximations * 0.05 [ i
D.J. Broadhurst®!, P.A. Baikov®?, V.A. llyin®?, J. Fleischer ®*, O.V. Tarasov >,
V.A. Smirnov 6 0 | | | | |
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Loop functions
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NLO scalar
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J. Hisano, K. Ishiwata, N. Nagata, JHEP 1506, 097 (2015)
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NLO twist-2
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Scale dependence
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PDF scales
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Higgsino in high-scale SUSY
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A wide range of parameter space can be probed in future
experiments.

N. Nagata and S. Shirai, JHEP 1501, 029 (2015).



Hypercharged DM

N. Nagata and S. Shirai, Phys. Rev. D 91, 055035 (2015).



Hypercharged DM
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Hypercharged DM
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New physics effects
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New physics effects
Ex.) Doublet (2, 1/2) DM
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Inelastic scattering
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Mass splitting
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Dim-5 operators
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Constraints and prospects

Inelastic I—I : : ST
(8 TeV,4,3) Current bound
; d.] < 8.7x107% ¢-cm
(3 TeV 4,3) [ACME]
LUX
(3 TeV,3,1)
Future prospects
(1 TeV,4,2)
de] <107°! e cm
(1 TeV,3,1)
Xenon 10 ton-year
(1 TeV,2,3)
Y 1 1 [ 1 [ 1 [ 1 [ 1 [ 1 [
mow s Y) o 108 106 107 10° 10
A |GeV]|

o Y=3/2 DIFEIFELICHIZD D5 LN
¢ 4%%7@%% cCY=1 @ jﬁ*h%?
e ANT—DIHZETHY=3/21FKDELL L\,

N. Nagata and S. Shirai, Phys. Rev. D 91, 055035 (2015).




