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Introduction	
Evidence	
  for	
  dark	
  ma/er	
  (DM) 
Galac6c	
  scale 

Cosmological	
  scale 

Scale	
  of	
  galaxy	
  clusters 

Begeman	
  et.	
  al.	
  (1991)	


Planck	
  (2013)	
 Planck	
  (2013)	


Clowe	
  et.	
  al.	
  (2006)	
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Introduction	
Weakly	
  Interacting	
  Massive	
  Particles	
  (WIMPs)	


One	
  of	
  the	
  most	
  promising	
  candidates	
  for	
  dark	
  matter	
  is	


Weakly	
  Interacting	
  Massive	
  Particles	
  
(WIMPs)	


•  have	
  masses	
  roughly	
  between	
  10	
  GeV	
  ~	
  a	
  few	
  TeV.	
  

•  interact	
  only	
  through	
  weak	
  and	
  gravita6onal	
  interac6ons.	
  

•  Their	
  thermal	
  relic	
  abundance	
  is	
  naturally	
  consistent	
  with	
  
the	
  cosmological	
  observa6ons	
  [thermal	
  relic	
  scenario].	
  

•  appear	
  in	
  models	
  beyond	
  the	
  Standard	
  Model.	
  	
  



•  LUX	
  experiment	
  gives	
  a	
  stringent	
  constraint	
  on	
  spin-­‐
independent	
  WIMP-­‐nucleon	
  sca/ering	
  cross	
  sec6on.	
  

•  Ton-­‐scale	
  detectors	
  for	
  direct	
  detec6on	
  experiments	
  are	
  
expected	
  to	
  yield	
  significantly	
  improved	
  sensi6vi6es.	
  

Introduction	
Direct	
  detec6on	
  experiments 

(for	
  WIMPs	
  of	
  mass	
  33	
  GeV)	


[Large	
  Underground	
  Xenon	
  (LUX),	
  arXiv:	
  1310.8214]	


mWIMP (GeV/c2)

W
IM

P−
nu

cl
eo

n 
cr

os
s 

se
ct

io
n 

(c
m

2 )

101 102 103

10−45

10−44

 6 8 10 12

10−44

10−42

10−40

WIMP DM

Nucleus

Recoil energy



Motivation	


To	
  study	
  the	
  nature	
  of	
  dark	
  ma/er	
  based	
  on	
  direct	
  detec6on	
  experiments,	
  	
  
the	
  precise	
  calcula6on	
  of	
  	
  	


the	
  WIMP-­‐nucleon	
  scattering	
  cross	
  section	
  

is	
  required.	


■	
  Previous	
  works 

•  For	
  Majorana	
  DM	
  
	
  
•  For	
  vector	
  DM	
  

e.g.)	
  	
  M.	
  Drees	
  and	
  M.	
  Nojiri,	
  Phys.	
  Rev.	
  D	
  48	
  (1993)	
  3483.	


H.	
  C.	
  P.	
  Cheng,	
  J.	
  L.	
  Feng	
  and	
  K.	
  T.	
  Matchev,	
  Phys.	
  Rev.	
  Le/.	
  89,	
  211301	
  (2002).	
  
G.	
  Servant	
  and	
  T.	
  M.	
  P.	
  Tait,	
  New	
  J.	
  Phys.	
  4,	
  99	
  (2002).	


Ø  In	
  these	
  works,	
  some	
  of	
  the	
  leading	
  contribu6ons	
  (especially	
  those	
  of	
  
gluon)	
  to	
  the	
  sca/ering	
  cross	
  sec6ons	
  are	
  not	
  properly	
  taken	
  into	
  account.	
  

Ø  We	
  study	
  the	
  way	
  of	
  evalua6ng	
  the	
  cross	
  sec6on	
  systema6cally	
  by	
  using	
  
the	
  method	
  of	
  effec6ve	
  field	
  theory	




2.	
  The	
  method	
  of	
  effec(ve	
  theory	




1.  By	
  integra6ng	
  out	
  heavy	
  par6cles,	
  we	
  obtain	
  the	
  effec6ve	
  
interac6ons	
  of	
  WIMP	
  DM	
  with	
  quarks	
  and	
  gluons.	
  

Method	
  of	
  effec6ve	
  theories 

Operator	
  Product	
  Expansion	
  (OPE) 

Ci	
  (μ)：Wilson	
  coefficients 
include	
  short-­‐distant	
  effects 

Oi	
  (μ)：Effec6ve	
  operators 
Higer-­‐dimensional	
  operators.	
  Their	
  nucleon	
  matrix	
  	
  
elements	
  contain	
  the	
  effects	
  of	
  long-­‐distance.	
  

μ：factoriza6on	
  scale 
A	
  scale	
  at	
  which	
  a	
  high-­‐energy	
  theory	
  is	
  matched	
  with	
  
the	
  effec6ve	
  theory. 
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2.	
  	
  Evaluate	
  the	
  nucleon	
  matrix	
  elements	
  of	
  the	
  effec6ve	
  
operators	
  (at	
  a	
  certain	
  scale).	
  

When	
  evolving	
  the	
  operators	
  down	
  to	
  the	
  scale,	
  we	
  need	
  to	
  match	
  
the	
  effec6ve	
  theories	
  above/below	
  each	
  quark	
  threshold. 

DM DM 

Q Q 

3.	
  	
  By	
  using	
  the	
  nucleon	
  matrix	
  elements,	
  we	
  evaluate	
  
the	
  sca/ering	
  cross	
  sec6on	
  of	
  DM	
  with	
  a	
  nucleon	
  

Method	
  of	
  effec6ve	
  theories 

DM DM 

Q 
g g 



Effec6ve	
  Lagrangian	
  for	
  Majorana	
  DM 

Le� =
�

q

Cq
SO

q
S + Cg

SO
g
S +

�

i=1,2

�

q

Cq
Ti
Oq

Ti
+

�

i=1,2

Cg
Ti
Og

Ti
,

Scalar-­‐type 

Oq
S �

1
2

��0��0mqqq ,

Og
S �

1
2

��0��0GA
µ�GAµ� ,

Twist-­‐2	
  type 
Oq

T1
� 1

2
��0i�µ�� ��0Oq

µ� ,

Oq
T2
� 1

2
��0i�µi�� ��0Oq

µ� ,

Og
T1
� 1

2
��0i�µ�� ��0Og

µ� ,

Og
T2
� 1

2
��0i�µi�� ��0Og

µ� ,
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��0 : Majorana DM
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Nucleon	
  matrix	
  elements 

Nucleon	
  matrix	
  elements	
  of	
  scalar-­‐type	
  quark	
  operators	
  are	
  	
  
evaluated	
  by	
  using	
  the	
  QCD	
  lance	
  simula6ons. 
mass	
  frac6ons 

H.	
  Ohki	
  et	
  al.	
  (2008)	
  	


(mN：Nucleon	
  mass) 

Strange	
  quark	
  content	
  is	
  much	
  smaller	
  than	
  those	
  
evaluated	
  with	
  the	
  chiral	
  perturba6on	
  theory. 

1�
X

q=u,d,s

fTq ⌘ fTG

Gluon	
  contribu6on 
gluon

u sd

Mass	
  frac6ons	
  for	
  proton	


Quark	
  (scalar-­‐type) 

Remarks. 



�N |�sG
A
µ�GAµ� |N� = �8�

9
mNfTG

M.	
  A.	
  Shifman,	
  A.	
  I.	
  Vainshtein	
  and	
  V.	
  I.	
  Zakharov,	
  Phys.	
  Le/.	
  B	
  78	
  (1978)	
  443.	


n 	
  Trace	
  anomaly	
  of	
  the	
  energy-­‐momentum	
  tensor	
  in	
  QCD（Nf	
  =	
  3） 

Nucleon	
  matrix	
  elements Gluon	
  (scalar-­‐type) 
Nucleon	
  matrix	
  element	
  of	
  scalar-­‐type	
  gluon	
  operator	
  is	
  evaluated	
  	
  
by	
  using	
  the	
  trace	
  anomaly	
  of	
  the	
  energy-­‐momentum	
  tensor. 

�µ
µ =

�(�s)
4�s

GA
µ�GAµ� + (1� �m)

�

q

mqqq

mN X

q=u,d,s

mNfTq



J.	
  Pumplin	
  et	
  al.,	
  JHEP	
  0207:012	
  

Nucleon	
  matrix	
  elements Twist-­‐2	
  operators 
Nucleon	
  matrix	
  elements	
  of	
  twist-­‐2	
  operators	
  are	
  evaluated	
  	
  
by	
  using	
  the	
  parton	
  distribu6on	
  func6ons	
  (PDFs). 

Here,	
  q(2)	
  and	
  G(2)	
  are	
  called	
  the	
  second	
  moments	
  of	
  PDFs,	
  
which	
  are	
  defined	
  by 



fN/mN =
�
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SfTq +

3
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3
4

�

i=1,2

Cg
Ti

G(2)

Effec6ve	
  coupling	
  of	
  Majorana	
  DM	
  with	
  nucleon 

The	
  gluon	
  contribu6on	
  turns	
  out	
  to	
  be	
  comparable	
  to	
  
the	
  quark	
  contribu6ons	
  even	
  if	
  it	
  is	
  induced	
  by	
  higher	
  
loop	
  diagrams. 

The	
  SI	
  coupling	
  of	
  Majorana	
  DM	
  with	
  nucleon	
  is	
  given	
  as 

Le� =
1
2
fN ��0��0NN
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3.	
  Some	
  results	

a)	
  Pure	
  bino	
  DM 



Matching	


Pure	
  Bino	
  DM	


The	
  tree-­‐level	
  diagram:	


~χ
~

~χ

q q

q

1-­‐loop	
  diagrams:	


χ
~

q/Q

g g
q

~
χ
~

(a) (b)

(c) (d)

q/Q

q/Q Q

DM DM 

q q 

DM DM 

g g 

Scalar	
  

	
  

twist-­‐2 

DM DM 

q 
g g 

+ 

Only	
  the	
  short-­‐distance	
  contribu6on	
  should	
  be	
  included	
  into	
  
the	
  Wilson	
  coefficients. 
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  fp 

J.	
  Hisano,	
  K.	
  Ishiwata,	
  and	
  N.	
  Nagata,	
  Phys.	
  Rev.	
  D82	
  (2010)	
  115007.	
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ref.) M. Drees and M. Nojiri, Phys. Rev. D48 (1993) 3483. 

We	
  found	
  O(10)%	
  alterna6ons	
  in	
  the	
  SI	
  cross	
  sec6ons 
Due	
  to	
  a	
  lack	
  of	
  matching	
  in	
  the	
  previous	
  calcula6on…	




3.	
  Some	
  results	

b)	
  Wino	
  DM	
  (high-­‐scale	
  SUSY)	
  
c)	
  Minimal	
  DM 



Gravi!noScalar Par!cles Higgsinos

Gauginos

Gluino

Bino
Wino

Mass	
  spectrum	


Higgsinos	
  can	
  be	
  light 

On	
  the	
  assump6on	
  of	
  a	
  generic	
  Kahler	
  poten6al	
  and	
  no	
  singlet	
  field	
  
in	
  the	
  SUSY	
  breaking	
  sector	
  

Anomaly	
  mediation	


(Loop	
  suppressed) 
(addi6onal	
  symmetries)	
  	
  

L.	
  Randall	
  and	
  R.	
  Sundrum	
  (1998) 
G.F.	
  Giudice,	
  M.A.	
  Luty,	
  H.	
  Murayama,	
  R.	
  Ra/azzi	
  (1998) 
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MS	
  =	
  10(2-­‐3)	
  TeV 
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M.	
  Ibe,	
  T.T.	
  Yanagida	
  (2012). 
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Diagrams	
   Tree-­‐level	


``Higgs”	
  contribu6on 

Effec6ve	
  coupling 

(Zij:	
  Neutralino	
  mixing	
  matrix) 

χ̃0

q

h0

χ̃0 χ̃0 χ̃0
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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)



These	
  interactions	
  are	
  not	
  suppressed	
  even	
  if	
  the	
  
DM	
  mass	
  is	
  much	
  larger	
  than	
  the	
  W	
  boson	
  mass.	
  

J.	
  Hisano,	
  S.	
  Matsumoto,	
  M.	
  Nojiri,	
  O.	
  Saito,	
  Phys.	
  Rev.	
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•  Cancella6ons	
  between	
  tree-­‐	
  and	
  loop-­‐level	
  
contribu6ons	
  occur	
  at	
  a	
  certain	
  value	
  of	
  μ	
  

•  Loop	
  contribu6on	
  is	
  dominant	
  in	
  a	
  wide	
  range	
  of	
  
parameter	
  region	
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The	
  neutral	
  component	
  of	
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  SU(2)L	
  n-­‐tuplet	
  is	
  assumed	
  to	
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  the	
  Universe.	
  

We	
  again	
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  cancella6ons	
  among	
  the	
  contribu6ons.	
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3.	
  Some	
  results	

d)	
  KK-­‐photon	
  DM	
  (Minimal	
  UED) 
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Ø  All	
  of	
  the	
  contribu6ons	
  have	
  the	
  same	
  sign	
  (construc6ve).	
  

Ø  Resultant	
  sca/ering	
  cross	
  sec6ons	
  are	
  larger	
  than	
  those	
  in	
  
previous	
  work	
  by	
  about	
  an	
  order	
  of	
  magnitude	
  in	
  some	
  
parameter	
  region.	




4.	
  Conclusion	
  and	
  discussion	




Summary	


•  We	
  evaluate	
  the	
  elas6c	
  sca/ering	
  cross	
  sec6ons	
  of	
  
WIMP	
  DM	
  with	
  nucleon	
  based	
  on	
  the	
  method	
  of	
  
effec6ve	
  theory.	
  

•  The	
  interac6on	
  of	
  DM	
  with	
  gluon	
  as	
  well	
  as	
  quarks	
  
yields	
  sizable	
  contribu6on	
  to	
  the	
  cross	
  sec6on,	
  though	
  
the	
  gluon	
  contribu6on	
  is	
  induced	
  at	
  loop	
  level.	
  

•  In	
  the	
  wino	
  dark	
  ma/er	
  scenario	
  we	
  find	
  the	
  cross	
  
sec6on	
  is	
  smaller	
  than	
  the	
  previous	
  results	
  by	
  more	
  
than	
  an	
  order	
  of	
  magnitude	
  

•  The	
  cross	
  sec6on	
  of	
  the	
  first	
  Kaluza-­‐Klein	
  photon	
  dark	
  
ma/er	
  turns	
  out	
  to	
  be	
  larger.	
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•  Uncertainty	
  mainly	
  comes	
  from	
  the	
  perturba6ve	
  QCD.	
  

•  Need	
  for	
  higher	
  order	
  calcula6on.	
  

J.	
  Hisano,	
  K.	
  Ishiwata,	
  N.	
  Nagata,	
  in	
  progress.	




Neutrino	
  BG	
  

1 10 100 1000 10410
14

10 13
10 12
10 11
10 10
10 9
10 8
10 7
10 6
10 5
10 4
10 3
10 2
10 1

WIMP Mass GeV c2

W
IM
P
nu
cle
on
cro
ss
sec
tio
n
pb

8B
Neutrinos

Atmospheric and DSNB Neutrinos

7Be
Neutrinos

COHERENT NEUTRIN O SCATTERING  
COHERENT NEU

TRI NO  SCATTERING  COHERENT NEUTRINO SCATTERING  

CDMS II Ge  (2009)

Xenon100 (2012)

CRESST

CoGeNT
(2012)
CDMS Si
(2013)

EDELWEISS (2011)

DAMA SIMPLE (2012)

ZEPLIN-III (2012)COUPP (2012)

LUX (2013)

 DAMIC           (2012)

CDM
Slite (2013)

J.	
  Billard,	
  E.	
  Figueroa-­‐Feliciano,	
  L.	
  Strigari	
  [arXiv:	
  1307.5458].	




Higgs-­‐nucleon	
  coupling	
  	


Large	
  mass	
  frac6ons	
  (f_Tq	
  à	
  large) 

Higgs-­‐nucleon	
  couplings	
  are	
  enhanced 



Input	
  parameters	


H.	
  Y.	
  Cheng	
  (1989)	
  	


■	
  Lattice	
  results	
  (ours)	


H.	
  Ohki	
  et	
  al.	
  (2008)	
  	


■	
  Chiral	
  perturbation	
  (traditional)	


M.	
  M.	
  Pavan	
  et	
  al.	
  	
  (2002)	
  	


B.	
  Borasoy	
  and	
  U.	
  G.	
  Meissner	
  (1997)	
  	



