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Big	  issues	  in	  parTcle	  physics	  now	

1.  Is	  the	  discovered	  Higgs	  parTcle	  the	  SM	  one?	  	  
2.  Where	  is	  BSM	  ?	  TeV	  scale	  or	  higher	  energy	  scale?	  
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Japanese	  popular	  science	  magazine	  “Nikkei	  
Science”	  
(Japanese	  ediTon	  of	  ScienTfic	  American)	  	  
	  
8/2018	  
Special	  feature:	  Crisis	  in	  ParTcle	  Physics	  
•  Supersymmetry	  on	  the	  edge	  
	  	  	  	  	  	  From	  Lykken’s	  arTcle.	  	  
•  QuesToning	  Strategies	  to	  UlTmate	  

Theory	  	  	  

Picture	  is	  removed	  due	  to	  a	  
copyright	  problem.	



Tools to probe new physics 
Atrophysics	  

Direct search for 
TeV-scale physics 
•  LHC 
•  ILC 
 

 	

 
•  High statistical experiment  
•  High precise theoretical prediction,     
sometimes related to symmetry 
breaking.  

•  Underground exp.  
•  Cosmology 	
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EDMs	

Magnetic and electric dipole moments (MDM and EDM) 
with spin S 

 

H = �µ B · S
S
� d E · S

S

P : E⇥ �E, B⇥ +B, S⇥ +S
T : E⇥ +E, B⇥ �B, S⇥ �S

EDMs are sensitive to CP violation under CPT inv.  

EDMs are known to a good probe to CP violation in 
particle physics models. 
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Under time(T) and space(P) reflections, EDM is T, P-odd.  



EDMs sensitive to TeV-scale and beyond	

Upper bounds on electron and neutron EDMs: 
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	  |de|<8.7×10-‐29	  e	  cm	  	  	  	  	  	  |dn|<2.9×10-‐26	  e	  cm 

EDM measurements would be important whether LHC 
finds new physics or not.  

(ACME,	  13)	

Dim. analysis for EDM assuming source of CPV is FC: 

(Baker	  et	  al,	  06)	
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(Renormalizable models give extra suppressions to 
EDMs by loop factors (~O(10-(2-4))). ) 



Searches for symmetry breaking 
     Global symmetries in SM are not exact in nature. 　 
•   CP violation (CKM in the SM） 

    EDMs 
•  Lepton-flavor violation （neutrino oscillation） 

    Charged lepton flavor-violating decay   
•  Lepton and/or baryon number violation (Baryon 

asymmetry in the universe)  
    0νββdecay 
    Proton decay  
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103	 103	 103	 1015	 1018	

	  
e-‐EDM	  
(loop)	

	

n-‐EDM	  
(loop)	

μ→e	  γ	  (loop)	

μ→e	  conversion	  (tree)	

Proton	  decay	  (tree)	

Searches for symmetry breaking 

SensiTviTes	  of	  current	  experimental	  bounds	  on	  new	  physics	  scale	  (Λ).	  	  	  
Only	  one	  loop	  factors	  are	  included	  for	  the	  loop	  processes.	  	  	  
Small	  symmetry	  breaking	  parameters	  suppress	  the	  sensiTviTes.	  	  

Λ	  (GeV)	

EDMs	  and	  muon	  LFV	  are	  
important	  to	  probe	  new	  physics	  
at	  and	  beyond	  TeV	  scale	  	  	



CP	  phases	  are	  naturally	  O(1)	  ?	

CKM	 PMNS	



EDM	  measurements	

Neutral	  parTcle	  EDMs:	  
•  paramagneTc	  atoms	  (Tl,	  Fr..)	  /molecules	  (YbF,	  ThO,	  PbO..)	  
	  	  	  	  SensiTve	  to	  electron	  EDM.	  	  	  
	  	  	  	  	  |de|<1.4×10-‐27	  (YbF,2012)	  	  	  	  	  	  	  	  	  8.7×10-‐29	  e	  cm	  (ThO,2013)	  	  	  	  
	  	  	  	  Future	  prospects:|de|~10-‐30	  e	  cm	  	  	  	  
•  diamagneTc	  atoms	  (SensiTve	  to	  T,	  P-‐odd	  nuclear	  force)	  
	  	  	  	  	  |dHg|<3.1×10-‐29	  e	  cm,	  	  |dXe|<6.6×10-‐27	  e	  cm	  
•  neutron	  　	  
　　|dn|<2.9×10-‐26	  e	  cm	  
	  	  	  	  	  	  UCN	  experiments	  aim	  to	  |dn|~10-‐(27-‐28)	  e	  cm.	  
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Schiff’s	  theorem:	  	  
EDM	  for	  neutral	  syst.	  which	  composes	  of	  non-‐rel.	  point	  parTcles	  is	  zero.	  



QCD theta 
term 

Quark and lepton 
EDMs  

Quark CEDMs 

Weinberg op. 4-Fermi  

(Flavor-conserving) CP-violating interactions  
at parton level up to D=6	

•  Wilson	  coefficients	  for	  CP-‐violaTng	  operators	  depend	  
on	  CP	  phases	  in	  parTcle	  physics	  models.	  	  
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QCD theta  EDM  CEDM 

Weinberg op 4-Fermi  
Strong-‐CP	  problem:	  
	  
	  	

dn � e�̄ � 10�(16�17)ecm
The	  most	  promising	  soluTon	  is	  Peccei-‐Quinn	  mechanism.	  
	  	  	 �̄ = �S� � 0 (S : axion)

Though,	  the	  effecTve	  theta	  is	  generated	  if	  there	  is	  CP	  
violaTon	  in	  QCD,	  since	  the	  tad	  pole	  term	  for	  S	  is	  
generated.	  (Bigi&Uraltsev)	  	  
For	  example,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  .	  
	  
Other	  proposal:	  spontaneous	  CPV,	  vanishing	  quark	  mass.	

�̄e� = m2
0/2

�

q

dc
q/mq (m2

0 = 0.8GeV2)
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(Flavor-conserving) CP-violating interactions  
at parton level 	
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Fig. 9.1: A schematic plot of the hierarchy of scales between the leptonic and hadronic CP-odd sources and
three generic classes of observable EDMs. The dashed lines indicate generically weaker dependencies in SUSY
models. The current situation is given on the left, while on the right we show the dependencies of several classes
of next-generation experiments.

classes of EDMs differ by several orders of magnitude, it is important that the actual sensitivity to the
operators in (9.1) turns out to be quite comparable in all cases. This is due to various enhancements
or suppression factors which are relevant in each case, primarily associated with various violations of
“Schiff shielding” – the non-relativistic statement that an electric field applied to a neutral atom must
necessarily be screened and thus remove any sensitivity to the EDM.

9.1.2 EDMs of paramagnetic atoms
For paramagnetic atoms, Schiff shielding is violated by relativistic effects which can in fact be very large.
One has roughly [988, 989],

dpara(de) ∼ 10α2Z3de, (9.2)

which for large atoms such as Thallium amounts to a huge enhancement of the field seen by the electron
EDM (see e.g. [988, 990]), which counteracts the apparently lower sensitivity of the Tl EDM bound,

dTl = −585de − 43 GeV × eCsinglet
S . (9.3)

We have also included here the most relevant CP -odd electron-nucleon interaction, namely CS ēiγ5eN̄N ,
which in turn is related to the semileptonic 4-fermion operators in (9.1).

9.1.3 EDMs of diamagnetic atoms
For diamagnetic atoms, Schiff shielding is instead violated by the finite size of the nucleus and differences
in the distribution of the charge and the EDM. However, this is a rather subtle effect,

ddia ∼ 10Z2(RN/RA)2d̃q, (9.4)

and the suppression by the ratio of nuclear to atomic radii, RN/RA, generally leads to a suppression of
the sensitivity to the nuclear EDM, parameterized to leading order by the Schiff moment S, by a factor of
103 (see e.g. [988, 990]). Thus, although the apparent sensitivity to the Hg EDM is orders of magnitude
stronger than for the Tl EDM, both experiments currently have comparable sensitivity to various CP -odd
operators and thus play a very complementary role. Combining the atomic dHg(S), nuclear S(ḡπNN ),

184

Leptonic EDM	 CP violation in QCD	

Four-fermi operators	de, dµ

( From the report of the 
“Flavour in the era of the 
LHC” Workshop, 88’)	
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classes of EDMs differ by several orders of magnitude, it is important that the actual sensitivity to the
operators in (9.1) turns out to be quite comparable in all cases. This is due to various enhancements
or suppression factors which are relevant in each case, primarily associated with various violations of
“Schiff shielding” – the non-relativistic statement that an electric field applied to a neutral atom must
necessarily be screened and thus remove any sensitivity to the EDM.

9.1.2 EDMs of paramagnetic atoms
For paramagnetic atoms, Schiff shielding is violated by relativistic effects which can in fact be very large.
One has roughly [988, 989],

dpara(de) ∼ 10α2Z3de, (9.2)

which for large atoms such as Thallium amounts to a huge enhancement of the field seen by the electron
EDM (see e.g. [988, 990]), which counteracts the apparently lower sensitivity of the Tl EDM bound,

dTl = −585de − 43 GeV × eCsinglet
S . (9.3)

We have also included here the most relevant CP -odd electron-nucleon interaction, namely CS ēiγ5eN̄N ,
which in turn is related to the semileptonic 4-fermion operators in (9.1).

9.1.3 EDMs of diamagnetic atoms
For diamagnetic atoms, Schiff shielding is instead violated by the finite size of the nucleus and differences
in the distribution of the charge and the EDM. However, this is a rather subtle effect,

ddia ∼ 10Z2(RN/RA)2d̃q, (9.4)

and the suppression by the ratio of nuclear to atomic radii, RN/RA, generally leads to a suppression of
the sensitivity to the nuclear EDM, parameterized to leading order by the Schiff moment S, by a factor of
103 (see e.g. [988, 990]). Thus, although the apparent sensitivity to the Hg EDM is orders of magnitude
stronger than for the Tl EDM, both experiments currently have comparable sensitivity to various CP -odd
operators and thus play a very complementary role. Combining the atomic dHg(S), nuclear S(ḡπNN ),

184

Leptonic EDM	 CP violation in QCD	

Four-Fermi operators	de, dµ

( From the report of the 
“Flavour in the era of the 
LHC” Workshop, 88’)	

Enhancement	  factor	  	  

EDMs	  for	  paramagneTc	  atoms/molecules	  
sensiTve	  to	  electron	  EDM	  
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•  For	  high	  Z	  atoms,	  an	  	  
	  	  	  	  	  enhance	  factor	  for	  internal	  	  
	  	  	  	  	  E	  field	  is	  	  ~	  α2	  Z3.	  	  
•  Polar	  molecules,	  such	  	  
	  	  	  	  	  as	  ThO	  and	  YbF,	  	  have	  	  
	  	  	  	  	  larger	  enhancement	  	  factors.	  
•  4F	  operators	  (eeqq)	  also	  contribute	  to	  
them.	  	  
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classes of EDMs differ by several orders of magnitude, it is important that the actual sensitivity to the
operators in (9.1) turns out to be quite comparable in all cases. This is due to various enhancements
or suppression factors which are relevant in each case, primarily associated with various violations of
“Schiff shielding” – the non-relativistic statement that an electric field applied to a neutral atom must
necessarily be screened and thus remove any sensitivity to the EDM.

9.1.2 EDMs of paramagnetic atoms
For paramagnetic atoms, Schiff shielding is violated by relativistic effects which can in fact be very large.
One has roughly [988, 989],

dpara(de) ∼ 10α2Z3de, (9.2)

which for large atoms such as Thallium amounts to a huge enhancement of the field seen by the electron
EDM (see e.g. [988, 990]), which counteracts the apparently lower sensitivity of the Tl EDM bound,

dTl = −585de − 43 GeV × eCsinglet
S . (9.3)

We have also included here the most relevant CP -odd electron-nucleon interaction, namely CS ēiγ5eN̄N ,
which in turn is related to the semileptonic 4-fermion operators in (9.1).

9.1.3 EDMs of diamagnetic atoms
For diamagnetic atoms, Schiff shielding is instead violated by the finite size of the nucleus and differences
in the distribution of the charge and the EDM. However, this is a rather subtle effect,

ddia ∼ 10Z2(RN/RA)2d̃q, (9.4)

and the suppression by the ratio of nuclear to atomic radii, RN/RA, generally leads to a suppression of
the sensitivity to the nuclear EDM, parameterized to leading order by the Schiff moment S, by a factor of
103 (see e.g. [988, 990]). Thus, although the apparent sensitivity to the Hg EDM is orders of magnitude
stronger than for the Tl EDM, both experiments currently have comparable sensitivity to various CP -odd
operators and thus play a very complementary role. Combining the atomic dHg(S), nuclear S(ḡπNN ),
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Leptonic EDM	 CP violation in QCD	
Four-Fermi operators	de, dµ

( From the report of the 
“Flavour in the era of the 
LHC” Workshop, 88’)	

Enhancement	  factor	  	  

c	

Neutron	  EDM	  
QCD	  sum	  rules	  evaluaTon	  	  
(developed	  by	  Pospelov	  and	  Ritz)	  

	  
	  

	  	  	  	  
	  
	  
	  
Here,	  those	  results	  are	  under	  Peccei-‐Quinn	  
mechanism	  for	  strong	  CP	  problem.	  	  	  
We	  used	  layce	  outputs	  for	  LOCs.	  	  	  
We	  sTll	  have	  factor	  2	  uncertainTes.	  	  
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dn = 1+0.8
�0.4(�0.2du + 0.8dd + e(0.3dc

u + 0.6dc
d))

dn = 1+0.5
�0.5(1.4(�0.25du + dd) + 1.1e(0.5dc

u + dc
d))

(Pospelov	  and	  Ritz)	

	  (JH,	  Lee,	  Nagata,	  Shimizu,	  	  
and	  also	  JH,	  Nagata,	  Fuyuto)	  
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classes of EDMs differ by several orders of magnitude, it is important that the actual sensitivity to the
operators in (9.1) turns out to be quite comparable in all cases. This is due to various enhancements
or suppression factors which are relevant in each case, primarily associated with various violations of
“Schiff shielding” – the non-relativistic statement that an electric field applied to a neutral atom must
necessarily be screened and thus remove any sensitivity to the EDM.

9.1.2 EDMs of paramagnetic atoms
For paramagnetic atoms, Schiff shielding is violated by relativistic effects which can in fact be very large.
One has roughly [988, 989],

dpara(de) ∼ 10α2Z3de, (9.2)

which for large atoms such as Thallium amounts to a huge enhancement of the field seen by the electron
EDM (see e.g. [988, 990]), which counteracts the apparently lower sensitivity of the Tl EDM bound,
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We have also included here the most relevant CP -odd electron-nucleon interaction, namely CS ēiγ5eN̄N ,
which in turn is related to the semileptonic 4-fermion operators in (9.1).
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For diamagnetic atoms, Schiff shielding is instead violated by the finite size of the nucleus and differences
in the distribution of the charge and the EDM. However, this is a rather subtle effect,

ddia ∼ 10Z2(RN/RA)2d̃q, (9.4)

and the suppression by the ratio of nuclear to atomic radii, RN/RA, generally leads to a suppression of
the sensitivity to the nuclear EDM, parameterized to leading order by the Schiff moment S, by a factor of
103 (see e.g. [988, 990]). Thus, although the apparent sensitivity to the Hg EDM is orders of magnitude
stronger than for the Tl EDM, both experiments currently have comparable sensitivity to various CP -odd
operators and thus play a very complementary role. Combining the atomic dHg(S), nuclear S(ḡπNN ),
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Leptonic EDM	 CP violation in QCD	

Four-Fermi operators	de, dµ

( From the report of the 
“Flavour in the era of the 
LHC” Workshop, 88’)	

Enhancement	  factor	  	  
c	

Steps	  to	  diamagneTc	  atoms	  
	  

1.	  CP-‐odd	  πNN	  coupling	  	  
	  	  	  	  QCD	  sum	  rules	  evaluaTon	  has	  
O(1)	  uncertainTes.	  	  
2.	  (T,P-‐odd)	  nuclear	  Schiff	  moment	  
	  	  	  	  O(1)	  uncertainTes.	  
3.	  Atomic	  EDM	  (almost	  converged)	  
	  
Roughly	  speaking,	  
	  	  	  	  	  	  	  	  	  	  	  	  dHg~10-‐3	  dqc	  	  (q=u,d)	  
Then,	  the	  constraints	  on	  CEDMs	  
are	  comparable	  to	  neutron	  EDM.	  	  	  	  	  	  
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Charged	  parTcles	  in	  storage	  rings	  (new	  methods):	  
Strong	  moTonal	  E	  field	  for	  relaTvisTc	  parTcles	  in	  B	  field.	  
Measure	  of	  Tlt	  of	  spin	  precession	  plane	  in	  E	  field.	  	  
•  	  	  	  	  proton/deuteron	  	  

	  	  	  	  prospects:	  dp~10-‐29	  ecm,	  dD~10-‐29	  ecm.	  
	  	  	  	  	  	  	  	  	  Anatomic	  study	  of	  hadronic	  EDMs	  would	  be	  possible.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  dD=(dp+dn)+dDNNπ	

•  	  	  	  	  	  	  muon	  

	  	  	  	  Prospects:dµ~10-‐21	  ecm	  (ulTmate	  case,	  10-‐24	  ecm)	  
	  	  	  	  	  	  	  	  	  flavor-‐blind	  case:	  dµ=(mµ/me)de<2	  10-‐26	  ecm	  
	  	  	  	  	  	  	  	  	  Larger	  value	  might	  be	  possible	  in	  flavor-‐violaTng	  cases.	  	  
	  

New	  type	  of	  EDM	  measurements	
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SM	  predicTon	
In	  the	  SM,	  origin	  of	  CP	  violaTon	  is	  a	  phase	  in	  Kobayashi-‐
Maskawa	  matrix	  (except	  for	  QCD	  theta	  term).	  CPV	  obs.	  are	  
prpto	  to	  Jarlskog	  (rephasing)	  invariant:	  
	  
•  Quark	  EDMs	  
	  	  	  	  dd	  ~	  10-‐34	  e	  cm	  	  (3loops	  at	  O(GF

2	  αs)	  )	  
•  Neutron	  EDM	  
	  	  	  	  dn~	  10-‐(31-‐32)	  e	  cm	  	  (long-‐distance	  effect	  at	  O(GF

2))	  
•  Electron	  EDM	  
	  	  	  	  de~10-‐40e	  cm	  (4loops	  O(GF

3	  αs))	  
	  
Discovery	  of	  non-‐zero	  EDM	  means	  beyond	  the	  SM.	  
	  
	

JCP = ImV �
csVusVcdV

�
ud � 10�5
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EDMs	  from	  BSM	
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Assuming	  maximal	  CP	  phases,	  one-‐loop	  diagrams	  for	  	  	  	  	  
(C)	  EDMs	  give	  strong	  constraint	  to	  	  new-‐physics	  above	  
the	  TeV	  scale,	  and	  even	  two-‐loop	  diagrams	  can	  also	  	  
constrain	  new	  physics	  around	  TeV	  scale.	



• 	  Gaugino	  mass	  terms	  	  

• 	  Higgsino	  mass	  term	  

• 	  Sfermion/Higgs	  mass	  terms	  	  

• 	  Higgs	  mixing	  mass	  term	  （B	  term）	  

• 	  Trilinear	  coupling（A	  terms）	  

µ H̃uH̃d

Bµ HuHd

(mfAf )ij f̃Lif̃Ri (f = u, d, e)

Ma �a�a (a = 1, 2, 3)

(m2
f̃
)ij f̃

†
i f̃j (f̃ = q̃L, ũR, d̃R, l̃L, ẽR, i, j = 1, 2, 3)
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CP	  phases	  in	  the	  supersymmetric	  standard	  model	

SUSY	  breaking	  terms:	  	



• 	  Gaugino	  mass	  terms	  	  

• 	  Higgsino	  mass	  term	  

• 	  Sfermion/Higgs	  mass	  terms	  	  

• 	  Higgs	  mixing	  mass	  term	  （B	  term）	  

• Le~-‐right	  mixing	  mass	  （A	  terms）	  

µ H̃uH̃d

Bµ HuHd

(mfAf )ij f̃Lif̃Ri (f = u, d, e)

Ma �a�a (a = 1, 2, 3)

(m2
f̃
)ij f̃

†
i f̃j (f̃ = q̃L, ũR, d̃R, l̃L, ẽR, i, j = 1, 2, 3)
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CP	  phases	  in	  the	  supersymmetric	  standard	  model	

SUSY	  breaking	  terms:	  	

F	  term	  SUSY	  breaking	  parameters	  are	  
generically	  complex.	



• 	  Gaugino	  mass	  terms	  	  

• 	  Higgsino	  mass	  term	  

• 	  Sfermion/Higgs	  mass	  terms	  	  

• 	  Higgs	  mixing	  mass	  term	  （B	  term）	  

• Le~-‐right	  mixing	  mass	  （A	  terms）	  

µ H̃uH̃d

Bµ HuHd

(mfAf )ij f̃Lif̃Ri (f = u, d, e)

Ma �a�a (a = 1, 2, 3)

(m2
f̃
)ij f̃

†
i f̃j (f̃ = q̃L, ũR, d̃R, l̃L, ẽR, i, j = 1, 2, 3)
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CP	  phases	  in	  the	  supersymmetric	  standard	  model	

SUSY	  breaking	  terms:	  	

Off-‐diagonal	  terms	  in	  sfermion	  mass	  
matrices	  are	  generically	  complex.	  	



In	  cMSSM,	  A	  and	  B	  parameters	  may	  have	  phases	  even	  a~er	  
removing	  phases	  in	  	  gaugino	  and	  Higgsino	  masses,	  and	  they	  
contribute	  to	  (C)EDMs	  at	  one-‐loop	  level.	  Assuming	  maximal	  
CP	  violaTon	  and	  degenerate	  mass	  spectrum	  for	  SUSY	  
parTcles	  ,	  	  the	  mu	  term	  phase	  contribuTons	  are	  	

EDMs	  in	  supersymmetric	  standard	  model	

de/e � 0.6� 10�26cm
�

MSUSY

1TeV

��2

tan�

dd/e � dc
d � 2� 10�25cm

�
MSUSY

1TeV

��2

tan�
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EDMs	  in	  Supersymmetric	  standard	  model	

de/e � 0.6� 10�26cm
�

MSUSY

1TeV

��2

tan�

dd/e � dc
d � 2� 10�25cm

�
MSUSY

1TeV

��2

tan�
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Electron	  EDM	  	  
bound	

Neutron	  EDM	  	  
bound	

A	  simplified	  model	  	  
•  Degenerate	  mass	  spectrum	  
•  maximal	  CP	  phase.	  	  	  
•  1<tanβ<50	  



EDMs	  in	  supersymmetric	  standard	  model	

25	

de/e /
MB̃(µ tan� �Ad)

M2
ẽ

dd/e, dcd / Mg̃(µ tan� �Ad)

M2
s̃

Light	  gauginos	  and/or	  Higgsino	  suppress	  EDMs,	  while	  it	  seems	  
difficult	  to	  have	  SUSY	  SM	  below	  TeVs	  if	  CP	  phases	  are	  maximal.	  	  	



•  In	  SUSY	  SM,	  new	  flavor	  violaTons	  are	  introduced	  in	  
squark	  and	  slepton	  mass	  matrices.	  When	  both	  le~-‐	  and	  
right-‐handed	  squark	  mass	  matrices	  have	  off-‐diagonal	  
(flavor-‐violaTng)	  terms,	  the	  relaTve	  phase	  contributes	  to	  
EDM	  	

dc
d � 10�25cm�

� mSUSY

500GeV

��2
�

(�d
LL)13

8� 10�3

��
(�d

RR)31
0.1

�
tan �
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Flavor-‐violaTon	  and	  EDM	  in	  SUSY	  SM	  (1)	  



In	  High-‐scale	  SUSY/miniSplit-‐SUSY	  model,	  sfermion	  masses	  are	  
O(100)TeV	  while	  gaugino	  masses	  are	  around	  TeV.	  	  tanβ~1.	  Those	  
suppresses	  EDMs.	  Even	  in	  the	  case,	  	  neutron	  EDM	  may	  be	  accessible	  to	  
the	  model	  if	  generic	  flavor	  violaTon	  is	  assumed.	  	  	  	  	  	  	

High-‐scale	  SUSY	  with	  generic	  flavor	  violaTon	

(Fuyuto,	  JH,	  Nagata,	  Tsumura.	  	  
Anomalous	  dimension	  for	  CPV	  operators	  	  
are	  evaluated	  in	  this	  paper.)	  	 27	
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Similar	  recent	  works:	  
•  McKeen,	  Pospelov,	  and	  Ritz	  
•  Moroi	  and	  Nagai	  
•  Altmannshofer,	  Harnik,	  Zupan	  
•  …	  
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Flavor-‐violaTon	  and	  EDM	  in	  SUSY	  SM	  (2)	  

(JH,	  Nagai,	  Paradisi)	

Anomalous	  flavor-‐changing	  charged	  Higgs	  interacTon,	  induced	  by	  due	  
to	  non-‐holomorphic	  correcTon,	  	  generates	  (C)EDMs	  when	  right-‐
handed	  squarks	  have	  mixing.	  	  

CKM	

Even	  if	  SUSY	  parTcles	  are	  
much	  heavier	  than	  the	  
weak	  scale,	  the	  charged	  
Higgs	  may	  generate	  
sizable	  EDM.	
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Higgs	  studies	  with	  EDMs	  	

The	  discovered	  Higgs	  boson	  is	  the	  SM	  one	  ?	  
	  
1,	  	  Higgs	  couplings	  to	  fermions	  and	  bosons	  are	  proporTonal	  
to	  their	  masses?	  
2,	  Higgs	  boson	  is	  only	  one	  ?	  	  
3,	  Higgs	  boson	  is	  CP	  even	  ?	  
4,	  Higgs	  boson	  interacTon	  is	  flavor-‐conserving?	  
5,	  Higgs	  boson	  has	  new	  parTcles	  ?	  
	  
EDM	  measurements	  give	  hints	  for	  some	  of	  these	  quesTons.	  	  
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Higgs-‐mediated	  Barr-‐Zee	  diagrams	

Higgs	 Higgs	 Higgs	

W
t,	  b,	  τ	  
new	  parTcles	 new	  parTcles	

When	  Higgs	  boson	  has	  CP-‐violaTng	  coupling	  with	  SM	  
parTcles	  or	  new	  parTcles	  in	  BSM,	  the	  Barr-‐Zee	  diagrams	  at	  
two-‐loop	  level	  generate	  (C)EDMs	  for	  quarks	  and	  leptons.	
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Higgs	
Higgs	

γ	  	

γ	  	

γ	  	

γ	  	

Higgs-‐mediated	  Barr-‐Zee	  diagrams	

Higgs	 Higgs	 Higgs	

W
t,	  b,	  τ	  
new	  parTcles	 new	  parTcles	

When	  Higgs	  boson	  has	  CP-‐violaTng	  coupling	  with	  SM	  
parTcles	  or	  new	  parTcles	  in	  BSM,	  the	  Barr-‐Zee	  diagrams	  at	  
two-‐loop	  level	  generate	  (C)EDMs	  for	  quarks	  and	  leptons.	

31	

New	  (charged)	  fermions	  coupled	  to	  (discovered)	  Higgs	  boson	  
may	  contribute	  to	  both	  Higgs	  decay	  to	  2	  gammas	  and	  also	  
EDMs.	  
	  



New	  physics	  contribuTon	  to	  EDM	  and	  h→γγ	  	  
SU(2)	  muTplet	  fermions	  (ψ),	  whose	  neutral	  component	  is	  
the	  DM	  candidate,	  may	  have	  coupling	  with	  Higgs	  boson,	  	  	  	

32	

Blue	  lines:	  SI	  Cross	  secTon	  
For	  DM	  direct	  DetecTon	  
Red	  lines:	  Signal	  strength	  for	  
h→γγ	  	  
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(JH,	  Kobayashi,	  Mori,	  Senaha)	
SU(2)	  triplet	  (Y=0)　(M=400GeV)	

	  
•  Gaugino-‐Higgsino	  system	  studied	  

by	  Giudice	  and	  Romanino.	  
•  Recent	  similar	  works:	  
	  	  	  	  	  Fan	  and	  Reece.	  	  
	  	  	  	  	  McKeen,	  Pospelov	  and	  Ritz.	  
	  	  	  	  	  …..	  



New	  physics	  contribuTon	  to	  h→γγ	  and	  EDMs	  
SU(2)	  muTplet	  fermions	  (ψ),	  whose	  neutral	  component	  is	  
the	  DM	  candidate,	  may	  have	  coupling	  with	  Higgs	  boson,	  	  	  	
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CP
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(JH,	  Kobayashi,	  Mori,	  Senaha)	
SU(2)	  triplet	  (Y=1)　(M=400GeV)	

•  Lightest	  neutral	  state	  is	  assumed	  
to	  be	  Majorana	  fermion.	  	  	  

•  SU(2)	  triplet	  with	  Y=1	  includes	  a	  
electric	  charge	  2	  state,	  and	  EDM	  
and	  h→γγ	  are	  enhanced.	  	  	  	  	



Two-‐Higgs	  doublet	  models	
Two-‐Higgs	  doublet	  models	  have	  CP	  phase	  in	  the	  potenTal,	  
and	  Barr-‐Zee	  diagrams	  generate	  (C)EDMs.	  
In	  Two-‐Higgs	  doublet	  models	  Z2	  symmetry	  is	  introduced	  to	  
suppress	  FCNC	  processes.	  
	  
Scalar	  potenTal	  in	  so~ly	  broken	  Z2	  symmetry	  has	  one	  CP	  
phase.	  	  	  
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Two-‐Higgs	  doublet	  models	
In	  Two-‐Higgs	  doublet	  models	  Z2	  symmetry	  is	  introduced	  to	  
suppress	  FCNC	  processes.	  The	  4	  types	  of	  assignments	  are	  
posiible	  	  
	  
	  
	  
	  
	  
In	  typical	  cases,	  Yukawa	  coupling	  constants	  of	  H1	  are	  larger	  
than	  the	  SM	  ones,	  since	  	  〈H2〉>>〈H1〉	  is	  expected.	  In	  the	  
case,	  we	  may	  discriminate	  models	  with	  correlaTon	  among	  
EDMs.	  
	  
	  
	  
	  
	

35	



Pinch	  terms	  are	  added	  to	  EDMs	

The	  pinch	  technique	  is	  used	  in	  order	  to	  make	  the	  Barr-‐Zee	  
contribuTon	  	  gauge	  invariant.	  	  For	  example,	  following	  pinch	  
contribuTons	  are	  added	  to	  diagrams	  of	  	  h-‐γ-‐γ*	  and	  h-‐γ-‐Z*.	  
The	  pinch	  contribuTons	  are	  about	  5	  %	  （Abe,	  JH,	  Kitahara,Tobioka)	  .	

Pinch	  terms	  	



Integrating out heavy quarks	

Anomalous	  dimensions	  for	  (flavor-‐conserving)	  CPV	  operators	  up	  to	  
D=6	  are	  complete	  at	  one-‐loop	  level	  （JH,	  Tsumura,	  Yang).	  EDMs	  and	  
CEDMs	  for	  light	  quarks	  are	  generated	  from	  4	  Fermi	  operators	  with	  
heavy	  quark.	  
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Running	  alphas	  effects	  for	  CEDMs	  
are	  O(10)%.	



Neutron	  EDM	  in	  Two-‐Higgs	  doublet	  models	

(Abe,	  JH,	  Kitahara,	  	  
Tobioka)	  	
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Figure 13: Neutron EDM on charged Higgs boson mass and tan β plane. The input parameters
are the same as in Fig. fig:eEDM. The region filled with red color show the current bound [4]. The
blue dashed lines are the future prospects given in Table 3.
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•  Neutron	  EDM	  comes	  
from	  CEDMs.	  	  

•  For	  large	  tanβ,	  nEDM	  
is	  suppressed	  in	  type	  
I	  and	  X	  while	  it	  has	  
the	  moderate	  
dependence	  	  in	  type	  
II	  and	  Y.	  

•  Red	  region	  is	  
excluded.	



Electron	  EDM	  in	  Two-‐Higgs	  doublet	  models	
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Figure 8: Electron EDM on charged Higgs boson mass and tan β plane in four types of 2HDMs.
We take λ1 = λ3 = λ4 = λ5 sin 2φ = 0.5 and λ2 = 0.25. The regions filled with red color show the
current bound [3]. The blue dashed lines are the future prospects given in Table 2.

14

（Abe,	  JH,	  Kitahara,	  

Tobioka)	  	

•  For	  large	  tanβ,	  nEDM	  is	  
suppressed	  in	  type	  I	  and	  
Y	  while	  it	  has	  the	  
moderate	  dependence	  	  
in	  type	  II	  and	  X.	  

•  Accidental	  cancellaTon	  
appears	  in	  type	  II	  and	  X	  
due	  to	  tau/bo�om	  
loops.	  

•  Red	  region	  is	  excluded	  
though	  we	  need	  to	  take	  
care	  for	  	  large	  tanβ	  
region.	  (4F	  contribuTon	  
is	  not	  negligible	  in	  
molecular	  EDM).	  	



Summary	  	
•  EDMs	  are	  sensiTve	  to	  CP	  violaTon	  in	  new	  physics	  at	  
and	  beyond	  TeV	  scale.	  The	  measurements	  are	  
complimentary	  to	  the	  energy-‐fronTer	  physics,	  such	  as	  
LHC.	  	  Due	  to	  current	  null	  results	  in	  new	  physics	  
searches	  at	  LHC,	  importance	  of	  the	  EDM	  
measurements	  is	  increasing.	  

•  Measurements	  of	  various	  parTcles	  are	  important	  to	  
probe	  different	  CP	  violaTng	  terms.	  	  

•  Higgs	  boson	  properTes	  can	  be	  constrained	  	  with	  
EDMs	  induced	  by	  Barr-‐Zee	  two-‐loop	  diagrams.	  	  

•  EvaluaTon	  of	  hadronic	  EDMs	  has	  large	  uncertainTes,	  
and	  more	  efforts	  are	  needed	  to	  reduce	  them.	  	  	  
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