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Introduction




Dark Matter (DM)
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A °6.8%

Dark Energy

Planck (2013)

68.3% _

Clowe et. al. (2006)

Weakly-Interacting Massive Particles (WIMPs)
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Quantum numbers of DM
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Scalar, fermion, vector, ...



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
EEYERN S - BT HE R CTBINICHIE
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Singlet fermion
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DM
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Quantum numbers of DM
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o SU(2)xU(1l)y EBfaTl??
(n, Y)
(1,0),(2,+1/2),(3,0),(3,+£1), (4, +£1/2), ...

o A L/_O\/? Electroweak-Interacting DM

Scalar, fermion, vector, ...
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e Higgsino/wino in SUSY models
* Innert Higgs DM




Electroweak-Interacting DM
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Mass splitting
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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

(>:V~NY—7 )L MR
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M. Farina, D. Pappadopulo, A. Strumia, JHEP 1308 (2013) 022.



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.
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DM Direct Detection experiments
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WIMP Mass [GeV/c?]
LUX, arXiv: 1608.07648.
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DM-nucleon scattering
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DM-nucleon scattering
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Nucleon matrix elements
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Nucleon matrix elements (x1ns—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)

T —A > DEHFE

Mass fractions of proton




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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V. Silveira and A. Zee (1985);
J. McDonald (1994);

C. P. Burgess, M. Pospelov, and T. ter Veldhuis (2001).
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Singlet scalar DM
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Singlet scalar DM
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Electroweak-Interacting DM
SU(2)L nEIE, /\1/8—F +—IYDHMURIHIEEYE &
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- n=>5Y =0 (Mnimal Dark Matter)
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LO diagrams

1-loop (quark)
X’ X =0 ~0
\ / X X
W, Z .
o W Zé éW, z Non-decoupling effects
: > 2 2
T / \ O( - 2) O( 04?? >
q q q q mwm; My,
2-|OOQ (gluon) J. Hisano, S. Matsumoto, M. Nojiri, O. Saito (2005)
X’ X’ ~0 =0
\ / X\ /X
W, Z
W, Z W, Z
1 po
m ~ RO ANSNT
g g g§ @ %i] \/\fd: 7'.)\ >, 7_:0

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



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



NLO result (triplet)

10746 |

Input ——
LOc—-23
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Wino mass [GeV]
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J. Hisano, K. Ishiwata, N. Nagata, JHEP 1506, 097 (2015).




NLO results

1074

' Wino - |
Higgsino - - - -
Minimal DM —. .. ;

103
DM mass [GeV]

Minimal DM &R EE R BE
—EIE (v y—/) ZIEDZDIFEFUFS.

J. Hisano, K. Ishiwata, N. Nagata, JHEP 1506, 097 (2015).



Hypercharged DM

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



Hypercharged DM
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CHEATW D,
e.g.) Left-handed sneutrino DM in the MSSM.




Hypercharged DM
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New physics effects
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New physics effects
Ex.) Doublet (2, 1/2) DM

lb,n\ /LIJ,n
——x)—>—<
K X\

H 7 \ o H

Singlet and/or triplet Majorana fermion with a mass of ~ A.

1

() (HTy)

cf.) Higgsino with bino/wino



Inelastic scattering
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Mass splitting
EERREBROHERZ LN SICHE,
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v
~ AIv 1 > 100 keV
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10 1/2
A< 3x100  GeV Y =<1
4 % 103 for 3/2

EFRRAMT L

For scalar DM
A <(10°, 4 x 10°) GeV  for Y =(1, 3/2)
with mpy =1 TeV.



Dim-5 operators
—fRICRD K S IRRTTSOEEFHRBICER I NS,

- | 1,
K |H‘2w(a8 -+ Zb875)¢ K(H TaHW(CLt - th75)Ta¢
oE8 |4 BEL T X F T




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
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Y 1 1 [ 1 [ 1 [ 1 [ 1 [ 1 [
mow s Y) o 108 106 107 10° 10
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e ANT—DIHZETHY=3/21FK2ELL L\,

N. Nagata and S. Shirai, Phys. Rev. D 91, 055035 (2015).
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LHC search
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Disappearing track search
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Disappearing track search

— tang =5 1 >0 — 220 gy tanp=5u>0
n > — Observed 95% CL limit (=1 Oireory)
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ATLAS Collaboration, Phys. Rev. D88, 112006 (2013).



Disappearing track search
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Indirect search
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Indirect search
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B. Bhattacherjee, M. Ibe, K. Ichikawa, S. Matsumoto, and K. Nishiyama, JHEP 1407, 080 (2014).
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Sommerfeld effects
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Scalar septet DM is unstable
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Method of effective theories
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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 #)
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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)
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CJ12, CTEQ-Jefferson Lab collaboration.



Effective coupling of Majorana DM with nucleon

Leg = —fNZOXONN
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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
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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).



Background of disappearing track search
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