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Two big problems in particle physics

Existence of DM (serious problem) Naturalness (Fine tuning in Higgs sector)

Weak scale SUSY, or TeV scale SUSY elegantly solve both problems

gauge coupling unification also suggests new states at TeV 
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new partner particle, same coupling by symmetry

1SUSY would be the most attractive candidate



SUSY search results at LHC 13TeV with ~ 36 fb-1

~2 TeV gluino excluded LSP＞1.2TeV

no constraint
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For massless LSP

~1 TeV stop excluded

~600 GeV EWkino (W/Z) excluded 
  (highly depends on BR)when LSP is heavy enough no constraints we can set. 2



SM Higgs, no evidence of heavy higgses
Higgs couplings: consistent to SM Higgs at 10-20% 

Heavy higgs searches

MSSM can realize it in decoupling limit 
and enough room for 10-20% deviations

MSSM Higgs sector : parametrized by  
　　　　　　   not like in a general 2HDM

(mA, tan�)

→ Light higgs coupling measurements already  
    constrain 

For large tanβ,              dominates         A ! ⌧⌧

mA & 400GeV
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Null results from DM Direct Detection experiments

LHC

DM direct 
detection

indirect 
detection

DM

DM

10�44 ⇠ 10�47cm2

Typically, spin independent cross section in MSSM

not all excluded, remaining parameter space mainly  
!
          pure states, blind spots, co-annihilation

˜B � ˜H mixture

�SI < 10�45 ⇠ 10�46cm2

4XENON1T starts to find something?



No signature of SUSY anywhere yet

SUSY dead ? still attractive as a solution of the big hierarchy problem  
                                                                   (don’t confuse with the “little” hierarchy)

no evidence of SUSY anywhere: Higgs measurement, Direct-Detection…
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why attractive: can solve DM and the fine tuning problem

Another fine tuning problem: strong CP problem Why ✓e↵ < 10�11 ? L✓ =
✓

32⇡2
Ga

µ⌫G̃
a,µ⌫

attractive solution: PQ mechanism   ->   Axion : good DM candidate

similarly attractive and don’t require new particles  
                         -> naturally explain the current situation



QCD Lagrangian contains the total derivative term: ✓-term

L✓ =
✓

32⇡2
Ga

µ⌫G̃
a,µ⌫

chiral tr. q ! ei↵�5q induces ✓ ! ✓ � 2↵

massive fermion mass term is also changed.

✓e↵ = ✓ + arg det[MuMd] is invariant under the chiral tr.

✓-vacuum

Strong CP problem

|n >! |m > |✓ >! |✓ >

|✓ >=
1X

n=�1
ein✓|n >

but

Note that θ is physical

Furthermore, 

0  ✓ < 2⇡

θeff can be measured from Neutron EDM |dn| = 4.5⇥ 10�15✓e↵ecm

|dobsn | < 2.9⇥ 10�26ecm

Why ✓e↵ < 10�11 ? while the origin of θ and arg M is completely different

Fine tuning problem 6

/ arg det[v6Y uY d]



Peccei-Quinn mechanism
If the theory has U(1)PQ, which spontaneously breakdowns to provide axion,

and at least one fermion mass from yukawa coupling,

[R. D. Peccei, H. R. Quinn, PhysRevLett.38.1440]

Due to the anomaly, U(1)PQ current is not conserved, 

1. introduce a field    , axion.a
2. assuming axial U(1) sym. which is spontaneously broken at     above QCD scale
3. impose appropriate PQ charges into quarks so that there exists                        anomalyU(1)PQ-SU(3)-SU(3)

⌘

a

⌘
! a

⌘
+ ✏ induces

Fa = ⌘/A

From the effective Lagrangian, effective potential to axion field can be computed.

QCD instanton e↵ects give an axion a potential and minimizing it gives

< a >= �¯✓Fa.

a+ (✓
stong

+ ✓
EM

)Fa

1� cos(

a

Fa
� ¯✓)
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, induce the potential in the effective lagrangian



Invisible Axions

invisible axion model (ZDFS; Zhitnitsky1980, Dine, Fischler, Srednicki 1981)

invisible axion model (KSVZ; Kim 1979, Shifman, Vainshtein, Zakharov 1980)

introducing new heavy quarks, 

Here, � = �

Original axion model  soon ruled out as axion is visible

currently viable set up is categorized into two types

⌘ ⇠ vEW

light quarks couples to either of φ through Yukawa couplings

No need to introduce new quarks

people realized, ⌘ can be very high scale

ma =

p
z

1 + z

f⇡m⇡

Fa
' 6µeV

1012GeV

Fa

L = �ga��
4

aFµ⌫ F̃µ⌫

g� = 0.97(KSVZ),�0.36(DFSZ)

ga�� =
↵

⇡

g�
Fa

axion mass

photon coupling
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Axion as dark matter

[T. Donnelly, S. Freedman, R. Lytel, R. Peccei and M. Schwartz, Phys.Rev. D18 (1978) 1607. ]

Historically, axion not considered as a DM candidate
Original model axion is “visible”

[J. E. Kim, Phys.Rev.Lett. 43 (1979) 103. ]

and soon ruled out

invisible axions ~ 1/f_a
[M. A. Shifman, A. Vainshtein and V. I. Zakharov, Nucl.Phys. B166 (1980) 493 ]

[M. Dine, W. Fischler and M. Srednicki, Phys.Lett. B104 (1981) 199 ]
[A. Zhitnitsky, Sov.J.Nucl.Phys. 31 (1980) 260 ]

invisibleness -> DM candidate! (coherent oscillation)
while extremely light, non-thermal production make them non-relativistic  
                                                                       -> Cold DM  (consistent to structure formation)

[J. Preskill, M. B. Wise and F. Wilczek, Phys.Lett. B120 (1983) 127‒132. ] 
[L. Abbott and P. Sikivie, Phys.Lett. B120 (1983) 133‒136. ] 
[ M. Dine and W. Fischler, Phys.Lett. B120 (1983) 137‒141.]

Fa < 1012GeV ma > 1µeV
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Current Axion DM searches
Axion DM abondance

Int.J.Mod.Phys.Conf.Ser. 43 (2016) 1660193

CAPP/IBS axion target plan
• Major improvement elements: 

High field solenoid magnets, B: 9T!25T!40T 
High volume magnets/cavities, V: 5l!50l 
High quality factor of cavity,     Q: 105!106 
Low noise amplifiers,               TN: 2K!0.25K 
Low physical temperature,      Tph: 1K!0.1K

Scanning rate improvement: 25×106 
Improvement in coupling constant: 70

interesting region for DM 
covered in 5 years

ibs CAPP director: 
Prof. Yannis Semertzidis’s talk

CAPP Prospected Sensitivity 
Axion Dark Matter SungWoo YOUN 20 

Cold DM 

•  Lower/upper bounds 
•  CAPP (SQUID) 
•  CAPP (SQUID + >25T) 

String tension: 26.3 ± 3.4 µeV (Klaer & Moody 2017)  

Fa < 1012GeV ma > 1µeV
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Domain wall problem

[C.Q. Geng, J. N. Ng, PhysRevD.41.3848]

for invisible axion model (ZDFS model)

U(1)PQ ! ZN , N = |
NgX

i

(2qi + ui + di)|

NDW =

����
N

h1 + h2

���� = Ng

Ng = 1 is free from domain wall problem.

[C-R Chen, P. Frampton, F. Takahashi, T. T. Yanagida JHEP1006(2010)059]

Variant Axion model PQ charges: u3 = �1, h2 = �1,� = 1
[R.D. Peccei, T.T. Wu and T. Yanagida, Phys. Lett. B172, 435 (1986)]

QCD instanton e↵ects give an axion a potential of the form 1 � cos(aN/⌘)
and minimizing it gives < a >= ✓e↵ = 0. So as < a >=

2⇡n

N
⌘ (n = 0, . . . , N � 1)

for invisible axion model (KSVZ model) NDM = 1

number of PQ charged quarks

only 1 quark couples with PQ-charged Higgs solves the domain wall problem

a periodic in 2πη ⇔ θ periodic in 2πη/N
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Strong CP problem

PQ solution with axion

KSVZ

ZDFS

NDM = 1

NDM = 6 �†
1�2�

2

m�†
1�2�NDM = 3

NDM = 1

heavy Q introduced 
no problem but no low energy phenomenology  
                              (not interesting)

two Higgs doublet model,  
no new fermion necessary introduced 
can discuss low energy phenomenology 
!
but suffer from Domain wall problem

only 1 quark coupled to PQ-Higgs

invisible axion models

very attractive

domain wall problem absent
12

rapid progress in axion DM searches



top-specific Variant Axion model

V (�1,�2) =m2
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22�
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Lu = ��1uRa[Yu1]aiQi � �2uR3[Yu2]iQi + h.c.
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0

@
⇤ ⇤ ⇤
⇤ ⇤ ⇤
0 0 0

1

A , Yu2 =

0

@
0 0 0
0 0 0
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1

A

other quarks only couples with �1

�2 only couple with uR3

�1 �2 tR cR uR dR `R QL LL

+ � � + + + + + +

two Higgs easily results in FCNC. Usually people impose Z2 sym. to avoid FCNC.

top-specific VA Model third gen. is identical to type Ⅱ

top FCNC is the prediction

σ field integrated out, the effective theory is just a 2HDM
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when we take top as the special one,



top-specific Variant Axion model

�1 �2 tR cR uR dR `R QL LL

+ � � + + + + + +top-specific VA Model third gen. is identical to type Ⅱ

top FCNC is the prediction
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top FCNC is the prediction

BR(t ! ch) = 0.22± 0.14%
ATLAS 8TeV [JHEP 1512, 061 (2015) ]

13 TeV ATLAS result set BR<0.22%

1.5� excess

no hope for MSSM, FC 2HDM

Experimentalists can cite our model  
as a well motivated model to predict t → ch
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in the Higgs basis 

top-specific Variant Axion model
�2 only couple with uR3
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top-specific 2HDM
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(
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as usual in 2HDM

FC e↵ect proportional to a and mfL
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top FC decay

Ltc = � a

2vSM
h
�
c̄R ¯tR

�✓mc(1� cos ⇢) mt sin ⇢
mc sin ⇢ mt(cos ⇢� 1)

◆✓
cL
tL

◆
+ h.c.

Large

Small

t ! ch

future exp.

2⇥ 10�4 (3000 fb�1 at 14 TeV) with h ! ��

BR(t ! ch) =
(1� r2h)

2

8(1� r2W )2(1 + 2r2W )|Vtb|2
a2 sin2 ⇢ ' (3.24⇥ 10�2)a2 sin2 ⇢ .

⇢ = 0 ! no FCNC

BR(t ! ch) = 0.22± 0.14% ATLAS 8TeV [JHEP 1512, 061 (2015) ] 1.5� excess

13 TeV ATLAS  BR<0.22% merginal

a2 sin2 ⇢ = 0.068

can be improved compared with N(top) ~10^10 for a whole LHC lifetime? 17



Higgs global fit (with latest data)
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BR=0.22% (a2sin2� = 0.068)
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for ρ=0, 3rd gen is identical to type2 THDM

a ⌘ (tan� + cot�) cos(� � ↵) .

model parameter: tanβ, cos(β-α), ρ

blue：Higgs data, 　red: t → ch
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tan beta dependence

low tan beta provide broader parameter region  
consistent with Higgs data
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upper bound on tan beta 
assuming BR=0.22%  
and consistent with Higgs data

mainly by the condition
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helicity structure in top FC decay

Ltc = � a

2vSM
h
�
c̄R ¯tR

�✓mc(1� cos ⇢) mt sin ⇢
mc sin ⇢ mt(cos ⇢� 1)

◆✓
cL
tL

◆
+ h.c.

Large

Small

always cR observed (mc ⌧ mt)

from spin conservation, top helicity and direction of cR is alined.

Spin analyzing power:

1

�i

d�i

d cos ✓i
=

1

2

(1 + iP cos ✓i)

`+ d̄ u b c h

+1 +1 �0.32 �0.39 +1 �1 (LO) f = �̄f̄

Ahel =
N(t"t̄") +N(t#t̄#)�N(t"t̄#)�N(t#t̄")

N(t"t̄") +N(t#t̄#) +N(t"t̄#) +N(t#t̄")
⇠ 0.35

at LHC, helicity basis is known to be a reasonably good spin axis

Using spin correlation, we can check it.

(14TeV)

hc̄RtL : in t ! ch

t ! ch
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1

�i

d�i

d cos ✓i
=

1

2

(1 + iP cos ✓i)
`+ d̄ u b c h

+1 +1 �0.32 �0.39 +1 �1

Ahel =
N(t"t̄") +N(t#t̄#)�N(t"t̄#)�N(t#t̄")

N(t"t̄") +N(t#t̄#) +N(t"t̄#) +N(t#t̄")
⇠ 0.35

arXiv:1412.4742 CMS-PAS-TOP-13-015 

Already measured by ATLAS, CMS

ASM,8TeV
hel = 0.318± 0.005

AATLAS,8TeV
hel = 0.38± 0.04

(14TeV)

t ! ch
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helicity structure in top FC decay
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t ! ch

always cR observed (mc ⌧ mt)
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N(t"t̄") +N(t#t̄#)�N(t"t̄#)�N(t#t̄")

N(t"t̄") +N(t#t̄#) +N(t"t̄#) +N(t#t̄")
⇠ 0.35

1

�

d�

d cos ✓id cos ✓j
=

1

4

(1 +Ahel īj cos ✓i cos ✓j)

A`h =

N(cos ✓` cos ✓h > 0)�N(cos ✓` cos ✓h < 0)

N(cos ✓` cos ✓h > 0) +N(cos ✓` cos ✓h < 0)

=

Ahel`+ ̄h

4

⇠ 0.088̄h.

�A`h ' �N/N ' 1/
p
N > 0.088 at least 130 signal events needed.

with �(t¯t) ⇠ 1 nb for 3 ab

�1
, 3⇥ 10

9
top pair expecetd

even for BR(t ! ch)BR(h ! ��) = 2.2⇥ 10

�3 ⇥ 2.3⇥ 10

�3
,

⇠ 5000 of t ! ch!�� events expected

rough estimate of the sensitivity:

not so difficult

using h→bb would improve the sensitivity 21

helicity structure in top FC decay



Summary
We consider top specific 2HDM, which predicts FCNC t ! ch

We predict in general distinct helicity structure in FC higgs couplings.

As top pairs are produced copiously at LHC, we should be able to test it
using the spin correlation for a reasonable BR(t ! ch).

Strong CP problem

PQ solution with axion

top-specific invisible axion model (ZDFS) NDM = 1

promising axion DM searches near future

Central value of the current excess BR=0.22% and Higgs data is compatible to our model

improving the analysis on this mode would be very important [LHC: top factory]

22

a well motivated model for FV 2HDM

more detail: JHEP11(2015)057 [arXiv:1507.04354], PhysRevD.97.035015 [arXiv:1711.02993], arxiv:1806.XXXX
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Up sector FCNC constraints

t -> ch constraints |λct|< 0.09 (BR<0.22%)

|�ut�ct| = |�ct|2|�ut/�ct| = 0.008|�ut/�ct| < 7.6 · 10�3

|�ut/�ct| . O(1) is enough to avoid D-D mixing constraints

the most stringent bound is 



perturbativity
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Higgs global fit
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for large tan�



a2sin2�<0.17

a2sin2�<6.2×10-3
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a2sin2�<0.17

a2sin2�<6.2×10-3
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BR=0.22% (a2sin2� = 0.068)

BR=0.02%
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